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ABSTRACT 
 
Embryonic development is critically reliant on well-defined spatial and temporal 
patterns of gene expression. These patterns are often achieved through the 
regulation of gene expression at the mRNA level. This form of regulation is 
commonly referred to as post-transcriptional regulation and is frequently mediated 
by RNA binding proteins (RBPs) and regulatory sequences located in the 
untranslated regions (UTRs) of the mRNAs.  
The mechanisms that underlie these post-transcriptional regulation phenomena 
have been the focus of an increasing level of attention in recent years. However, 
their specific roles in embryogenesis, and their relative importance to the different 
processes that take place in the developing embryo, still require further 
investigation. 
In this thesis we focused our attention on post-transcriptional regulation 
mechanisms that operate in the developing zebrafish embryo, and investigated their 
importance to embryogenesis from two perspectives: the perspective of a post-
transcriptional regulator – the Quaking A RBP – and the perspective of a set of 
regulatory sequences – the fgf8a alternative 3’UTRs. 
Quaking A belongs to the STAR family of RBPs, which has been implicated in 
several late developmental processes. Using a loss-of-function approach, we 
uncovered evidence for two previously undescribed functions for Quaking A, 
namely, in posterior body shaping and in the establishment of internal organ 
laterality. Furthermore, in our search for potential mRNA targets of Quaking A we 
came across the cell adhesion molecule Cadherin 11, which also appears to 
contribute to the establishment of internal organ laterality.    
Our investigation of the fgf8a alternative 3’UTRs, revealed that the most abundant 
3’UTR for this gene mediates a strong translational repression, when compared to 
a more sparsely used alternative 3’UTR, which supports a higher translation 
efficiency. By inducing a shift in the selection efficiency of the associated 
polyadenylation sites, we observed a temporally and spatially specific impact of 
fgf8a 3’UTR usage on embryogenesis, in particular at late stages during sensory 
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system development. In addition, we identified a previously undescribed role for Fgf 
signalling in the initial stages of superficial retinal vascularization. 
In conclusion, our investigation of Quaking A revealed two previously undescribed 
roles for this RBP in embryogenesis, thus adding to the current view of STAR 
proteins, as major regulators of a considerable diversity of developmental 
processes. In addition, our study of the fgf8a alternative 3’UTRs revealed that within 
the wide range of developmental processes that involve the fgf8a gene, only a 
specific subset appears to rely critically on the regulation of the relative abundances 
of these 3’UTRs. Overall, these findings highlight the importance of addressing post-
transcriptional regulation mechanisms to fully understand gene and pathway 
functions in embryonic development.  
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RESUMO 
 
O desenvolvimento embrionário depende de uma fina regulação espacial e 
temporal da expressão génica. Existem vários mecanismos de regulação da 
expressão génica, entre os quais se encontram os mecanismos de regulação pós-
transcricional. A regulação pós-transcricional ocorre ao nível do RNA mensageiro e 
define fatores como a estabilidade do RNA e a eficiência de tradução. Os 
mecanismos de regulação pós-transcricional frequentemente envolvem a interação 
entre moléculas reguladoras e sequências regulatórias da molécula de RNA 
mensageiro. Estas moléculas reguladoras incluem proteínas de ligação do RNA 
(RPBs) e as sequências de RNA envolvidas nesta forma de regulação estão 
frequentemente incluídas nas regiões não traduzidas do RNA mensageiro (UTRs). 
A importância da regulação pós-transcricional para o desenvolvimento embrionário 
é especialmente notória durante as fases iniciais da embriogénese. Durante este 
período a transcrição zigótica não se encontra ativa, sendo que o desenvolvimento 
prossegue principalmente devido à presença de RNAs mensageiros maternos e 
proteínas maternas. Consequentemente, a regulação da estabilidade, eficiência de 
tradução e localização destes RNAs mensageiros tem uma importância vital, sendo 
que já foram identificadas várias RBPs com funções documentadas nestes 
mecanismos de regulação. No entanto, o conhecimento atual acerca da importância 
da regulação mediada por RBPs para processos mais tardios do desenvolvimento, 
é substancialmente mais limitado.   
Adicionalmente, um dos mecanismos envolvidos na regulação pós-transcricional é 
a produção de UTRs alternativas na região 3’ da molécula de RNA mensageiro 
(3’UTRs alternativas). Este mecanismo denomina-se poliadenilação alternativa e é 
excecionalmente prevalente durante o desenvolvimento embrionário, ocorrendo em 
aproximadamente 50% dos genes codificantes de modelos vertebrados e 
invertebrados. No entanto, a importância específica destas 3’UTRs alternativas 
para o desenvolvimento do embrião carece de elucidação. 
Em suma, embora a relevância dos mecanismos de regulação pós-transcricional 
para o desenvolvimento embrionário e a sua prevalência no embrião se estejam a 
tornar cada vez mais evidentes, as funções específicas destes mecanismos e a sua 
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importância relativa para os diferentes aspetos da embriogénese permanecem, em 
grande parte, por esclarecer.  
Este estudo foca-se em dois mecanismos de regulação pós-transcricional, e no 
impacto que estes têm no desenvolvimento embrionário. Nomeadamente, 
analisámos a regulação pós-transcricional no embrião sob a perspetiva de um 
regulador – a RBP Quaking A – e sob a perspetiva de um conjunto de regiões do 
RNA mensageiro com funções regulatórias – as 3’UTRs alternativas do gene fgf8a 
(fibroblast growth factor 8a).  
A primeira secção deste trabalho foca-se na RBP Quaking A (Capítulo II). Quaking 
A pertence a uma das poucas famílias de RBPs que apresentam várias funções 
descritas nas fases mais tardias do desenvolvimento embrionário – a família STAR 
(Signal Transduction and Activation of RNA). No entanto, o papel destas proteínas 
em processos como o desenvolvimento do coração e a formação dos sómitos 
requerem esclarecimento adicional. 
Utilizando o peixe zebra como modelo animal do desenvolvimento embrionário em 
vertebrados, procedemos ao estudo das funções do gene Quaking A através de 
uma abordagem de perda de função (morfolino antisense). Esta abordagem revelou 
uma potencial função para Quaking A na morfogénese da região caudal do 
embrião. Adicionalmente, observámos que tanto a depleção de Quaking A como a 
sobre-expressão de Quanking A potenciam defeitos no posicionamento lateral dos 
órgãos internos do embrião. Especificamente, o coração, o fígado e o pâncreas. 
Neste contexto, Quaking A aparenta contribuir para o estabelecimento da 
lateralidade dos órgãos internos ao nível da transmissão do sinal que define a 
lateralidade, entre tecidos, nomeadamente entre a vesícula de Kupffer e a 
mesoderme lateral esquerda.      
Uma vez que Quaking A pertence a uma família de RBPs (STAR) com várias 
funções documentadas na regulação pós-transcricional da expressão génica, 
procedemos então à procura de potenciais alvos de Quaking A cuja regulação 
pudesse estar subjacente às funções deste gene no desenvolvimento. Neste 
contexto identificámos a molécula de adesão Caderina 11. Embora sejam 
necessários estudos adicionais para esclarecer uma potencial função de Quaking 
A na regulação pós-transcricional da Caderina 11, os nossos resultados revelaram 
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que a Caderina 11 também aparenta exercer uma função no posicionamento lateral 
dos órgãos internos.  
A identificação de uma função para Quaking A no processo de estabelecimento das 
assimetrias esquerda-direita no embrião constitui a primeira indicação de que um 
membro da família STAR contribui para este processo. Adicionalmente, o potencial 
envolvimento da Caderina 11 no estabelecimento destas assimetrias tem particular 
interesse uma vez que, até à data, muito poucas moléculas de adesão foram 
implicadas neste processo.   
A segunda secção deste trabalho foca-se na poliadenilação alternativa do gene 
fgf8a (Capítulo III). O gene fgf8a codifica um fator de crescimento que pertence à 
via de sinalização Fgf. Esta via é globalmente reconhecida como uma das principais 
vias de sinalização implicadas na embriogénese, sendo que o gene fgf8a e seus 
ortólogos têm múltiplas funções documentadas ao longo de toda a extensão 
temporal do desenvolvimento do embrião. No peixe zebra o gene fgf8a apresenta 
sete 3’UTRs alternativas, no entanto os mecanismos de regulação pós-
transcricional mediados por estas UTRs e a sua importância relativa para o 
desenvolvimento não tinham sido previamente elucidados. 
O nosso estudo das 3’UTRs do gene fgf8a revelou que a 3’UTR mais abundante 
no embrião de peixe zebra (fgf8aM) está associada a uma forte repressão da 
tradução do transcrito, quando comparada à segunda mais abundante (fgf8aS). 
Esta observação é particularmente importante tendo em vista que a 3’UTR fgf8aM 
apresenta uma abundância relativa aproximadamente quatro a cinco vezes 
superior à da 3’UTR fgf8aS.     
Uma vez que estas 3’UTRs são produzidas através de um processo de 
poliadenilação alternativa, procedemos então à utilização de um morfolino 
antisense para interferir com este processo. Neste contexto, observámos uma 
alteração nas abundâncias relativas das 3’UTRs fgf8aS e fgf8aM, com 
favorecimento da produção da 3’UTR fgf8aS e uma concomitante sobreativação da 
via de sinalização Fgf.  
Sob um ponto de vista fenotípico, a perturbação deste mecanismo de regulação 
teve um impacto seletivo no desenvolvimento embrionário. Especificamente, 
observámos perturbações na especificação e maturação de neuroblastos do 
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gânglio estatoacústico, na formação da comissura anterior e na fase inicial da 
formação da vasculatura superficial da retina. No entanto, processos do 
desenvolvimento mais precoces e mais caudais, nos quais o gene fgf8a tem 
funções documentadas, não foram afetados. Nomeadamente, a gastrulação, a 
especificação dos progenitores da mesoderme caudal, a formação dos sómitos e o 
desenvolvimento do organizador ístmico permaneceram inalterados. Estes 
resultados indicam que, neste contexto, a poliadenilação alternativa contribui 
maioritariamente para a regulação fina dos níveis de expressão do gene fgf8a em 
resposta às necessidades celulares. 
Adicionalmente, a nossa abordagem de interferência com a poliadenilação 
alternativa do gene fgf8a permitiu gerar uma sobreativação da via Fgf sem indução 
simultânea da expressão ectópica do gene. Tal, por sua vez, permitiu a 
identificação de uma função previamente desconhecida para a via de sinalização 
Fgf, nomeadamente na fase inicial da formação da vasculatura superficial da retina.  
Em conclusão, os resultados obtidos no estudo do gene Quaking A não só 
contribuem para uma melhor compreensão dos papéis da família STAR no 
desenvolvimento cardíaco, mas também reforçam a perceção atual destas 
proteínas como reguladores importantes de uma larga gama de processos do 
desenvolvimento embrionário. Adicionalmente, os resultados obtidos no estudo das 
3’UTRs do gene fgf8a revelaram que, de entre a larga gama de funções que este 
gene desempenha no desenvolvimento, apenas algumas são criticamente 
dependentes da regulação da poliadenilação alternativa do gene.  
Globalmente, os resultados obtidos neste estudo enfatizam a importância da 
investigação dos mecanismos de regulação pós-transcricional que contribuem para 
o desenvolvimento embrionário e das suas implicações específicas para os 
diferentes processos da embriogénese. 
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I.1 EMBRYONIC DEVELOPMENT 
 
Throughout the animal kingdom, there is a remarkable variety in the morphogenetic 
processes that take place during embryonic development. However, for most 
species, the patterns of early embryogenesis tend to follow a common sequential 
thread. 
After fertilization, embryonic development begins with the cleavage phase. During 
this phase, a series of rapid cell divisions takes place giving rise to a substantial 
increase in cell number. By the end of the cleavage phase these cells, termed 
blastomeres, are generally arranged in a sphere known as the blastula (Fig. I.1a) 
(Gilbert, 2003). 
The initial stages of animal development occur in the absence of de novo 
transcription. During this period, the progression of embryogenesis relies entirely on 
maternally inherited mRNAs and proteins. As early development progresses, 
maternal mRNAs and proteins are gradually degraded, and zygotic transcription is 
activated, thus progressively diminishing the maternal influence over 
embryogenesis. This gradual shift from maternal to zygotic control is known as the 
Maternal to Zygotic Transition (MZT). The MZT spans the period from the onset of 
maternal mRNA degradation to the first major developmental requirement for 
zygotic transcripts. For instance, in the zebrafish the MZT begins at fertilization, 
spanning the entire cleavage and blastula phases and coming to an end during the 
gastrula phase (Fig. I.1a,b) (Langley et al., 2014, Tadros and Lipshitz, 2009). 
The gastrula phase begins after the rate of cell divisions has diminished, and is 
characterized by extensive cell rearrangements. These highly coordinated cell 
movements are termed gastrulation. Gastrulation is accompanied by a series of 
specification and patterning events which enable the establishment of a multi-
layered body plan containing three germ layers: the outer ectoderm, the inner 
endoderm, and the interstitial mesoderm (Fig. I.1c) (Gilbert, 2003, Solnica-Krezel, 
2005). 
Although the patterns of cell rearrangement during the gastrula phase vary 
throughout the animal kingdom, there are four evolutionarily conserved gastrulation 
movements: internalization, epiboly, convergence and extension. Internalization 
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movements carry prospective mesoderm and endoderm cells inward, beneath the 
prospective ectoderm. Epiboly movements lead to an expansion and thinning of the 
germ layers. Convergence and extension movements narrow the germ layers 
medio-laterally and elongate the embryo from head to tail (Fig. I.1c) (Solnica-Krezel, 
2005). 
 
 
 
 
 
 
 
In vertebrate embryos the final stages of gastrulation are either accompanied with, 
or followed by, the onset of neurulation – the formation of the neural tube – and 
segmentation – the formation of the somites. The neural tube is formed from 
ectodermal precursors situated above a rod-shaped mesodermal structure termed 
notochord, which demarcates the anterior-posterior embryonic body axis. The 
somites are spherical mesodermal structures which form on both sides of the 
notochord, and contain the precursors of the vertebrae, skeletal muscles, and 
dermis (Wolpert, 2002) (Fig. I.2a,b).  
Embryonic development subsequently progresses to the organogenesis phase, 
during which, extensive cell rearrangement, differentiation and specialization 
GastrulaBlastulaCleavage
(a)
Maternal
mRNA
Zygotic
mRNA
Maternal to Zygotic Transition(b) (c)
Ectoderm
Mesoderm 
Endoderm
YSL
Extension
Convergence 
Internalization
Epiboly
Fig. I.1 – Illustration of the early stages of 
zebrafish embryonic development. (a) 
Representation of key embryonic stages of the 
cleavage, blastula and gastrula phases of zebrafish 
embryonic development (adapted from (Kimmel et al., 
1995)). (b) Maternal to Zygotic transition in zebrafish. 
The blue curve represents the degradation profiles of 
destabilized maternal transcripts. The red curve illustrates the minor and major waves of 
zygotic genome activation (adapted from (Tadros and Lipshitz, 2009)). (c) Representation 
of the gastrulation movements and process of germ layer specification in the zebrafish 
embryo. YSL, yolk syncytial layer (adapted from (Solnica-Krezel, 2006, Kimelman, 2006)). 
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processes take place to form the different tissues and organs of the embryo (Fig. 
I.2a). During this phase, the ectoderm will give rise to the epidermis, nervous system 
and pigmented cells. The endoderm will contribute to the gastrointestinal, urinary 
and respiratory systems, as well as several endocrine glands. The mesoderm will 
give rise to the heart, kidneys, gonads, axial skeleton, cartilage, connective tissue, 
trunk muscles and blood cells. In addition, the formation of various organs will 
involve interactions between the different germ layers (Gilbert, 2003, Kiecker et al., 
2016).  
The next subchapter will focus on two critical developmental processes: the 
elongation and segmentation of the anterior-posterior axis; and the establishment 
of internal organ asymmetry along the left-right axis. In addition, it will address the 
specific contributions of the fibroblast growth factor (FGF) signalling pathway to 
different aspects of embryonic development.  
 
I.1.1 Posterior body elongation and Somitogenesis 
 
The first morphogenetic events that define the shape of the embryonic body are 
thought to take place during the gastrula phase, as a result of convergence and 
extension movements. However, this process carries on after gastrulation, with 
posterior body elongation and segmentation presenting as two major aspects of 
vertebrate development (McMillen and Holley, 2015, Bénazéraf and Pourquié, 
2013). 
 
I.1.1.1 Posterior body elongation 
 
The development and elongation of the posterior body is achieved through the 
progressive deposition of cells from a posterior growth zone in the embryo. This 
posterior leading edge of the growing embryo, named tailbud, contains the 
progenitors of the musculature, axial skeleton, vasculature, spinal cord and blood 
(McMillen and Holley, 2015, Beck, 2015). 
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Interestingly, studies done in chick and zebrafish embryos have found that posterior 
body elongation is primarily driven by cell migration rather than cell proliferation, 
with tailbud musculoskeletal progenitors exhibiting only a modest level of 
proliferation during posterior body elongation (Bouldin et al., 2014, Kanki and Ho, 
1997, Bénazéraf et al., 2010, McMillen and Holley, 2015). In these organisms, 
instantaneous cell velocities are greater in the posterior tailbud, with posterior 
growth occurring as these highly motile progenitors lessen their motility and 
assimilate into more anterior tissues, namely the paraxial mesoderm (Lawton et al., 
2013, Dray et al., 2013, Mara et al., 2007, Bénazéraf et al., 2010, Delfini et al., 2005). 
For instance, during zebrafish posterior body elongation, the progenitor cells of the 
dorsal medial tailbud dive ventrally as a coherent posterior flow. At the posterior 
ventral tailbud there is a loss in cell flow coherence which leads to an increase in 
cell mixing (Lawton et al., 2013, Dray et al., 2013). These mesodermal progenitors 
subsequently lose velocity as they enter the posterior paraxial mesoderm, 
concomitantly with the assembly of an extracellular matrix composed primarily of 
Fibronectin and Laminin (Dray et al., 2013, Latimer and Jessen, 2010, McMillen and 
Holley, 2015). 
The entry of these tailbud cells into the paraxial mesoderm territory appears to 
include a process of convergence and extension, akin to what is observed during 
gastrulation, with this process being regarded as an important contributing factor to 
posterior body elongation (Steventon et al., 2016, Kanki and Ho, 1997).   
Furthermore, paraxial mesoderm assembly is accompanied by the formation of the 
notochord from axial mesoderm precursors. The vacuolation and rearrangement of 
the notochord cells has also been proposed as a contributing factor to the 
progression of posterior body elongation (McMillen and Holley, 2015, Kanki and Ho, 
1997, Dray et al., 2013).  
 
I.1.1.2 Somitogenesis 
 
As posterior body elongation progresses, the paraxial mesoderm, also known as 
presomitic mesoderm (PSM), is subdivided into metameric structures, termed 
somites. In vertebrates, somites form sequentially along the anterior-posterior 
 7 
 
embryonic axis, budding off in bilateral pairs from the unsegmented PSM. Each 
somite presents as a spherical cell mass surrounded by an epithelial sheet, and 
contains the precursors of the vertebrae, skeletal muscles, and dermis (Fig. I.2a,b) 
(Yabe and Takada, 2016). 
The process of somite formation – somitogenesis – is tightly regulated, both spatially 
and temporally, with the frequency of somite formation and the total number of 
somites formed being species-specific traits. For instance, in zebrafish a new pair 
of somites is formed every 25 minutes until a total of approximately 33 somite pairs 
is reached, whereas in mice a new somite pair is formed every 2 hours resulting in 
the formation of approximately 65 somite pairs (Yabe and Takada, 2016, Hubaud 
and Pourquié, 2014). 
To account for this spatiotemporal regulation of somitogenesis, a theoretical model 
termed “Clock and Wavefront model” was proposed. In this model, rhythmic and 
sequential somite formation is achieved by two regulatory mechanisms: a 
segmentation clock and a wavefront of differentiation. The cyclic activation of the 
segmentation clock provides temporal information, which is integrated with the 
spatial information provided by the continuous regression of the wavefront that 
results from posterior body elongation. A consequence of this model is that the size 
of each newly formed somite is fixed by the distance travelled by the wavefront 
during one period of the segmentation clock (Fig. I.2b) (Cooke and Zeeman, 1976, 
Yabe and Takada, 2016, Hubaud and Pourquié, 2014). 
Since the Clock and Wavefront model was proposed, several genes have been 
associated with the establishment of the segmentation clock and wavefront 
mechanisms. 
 
I.1.1.2.1 The segmentation clock 
 
Regarding the segmentation clock, the first gene to be implicated in this mechanism 
was the chicken HAIRY1. In the chick PSM, HAIRY1 is expressed cyclically in the 
PSM, with a frequency of expression that is consistent with the frequency of chick 
somite formation. This gene belongs to the hairy and enhancer of split (Hes)/ HES-
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related (her) family of transcription factors that act mainly as Notch pathway 
effectors (Palmeirim et al., 1997, Cooke, 1998). 
Subsequent studies have implicated multiple members of the Notch, Wingless (Wnt) 
and FGF pathways in the segmentation clock (Krol et al., 2011, Dequéant et al., 
2006, Hubaud and Pourquié, 2014). However, of all the gene families identified to 
date in connection with the clock, the Hes/her family appears to be the most 
conserved contributor, with Hes/her cyclic genes having been identified in mouse, 
chick, zebrafish, medaka and Xenopus (Krol et al., 2011, Dequéant et al., 2006, 
Elmasri et al., 2004, Li et al., 2003a).  
In line with this, the segmentation clock has been proposed to rely heavily on a 
Hes/her-based negative-feedback loop. This loop is thought to drive gene 
expression oscillations via a mechanism of delayed transcriptional repression 
(Bessho et al., 2003, Lewis, 2003). For instance, the her1 and her7 genes are widely 
regarded as the pacemakers of the zebrafish segmentation clock (Henry et al., 
2002, Holley et al., 2002, Oates and Ho, 2002, Gajewski et al., 2003). Her1 and 
Her7 have been shown to act as transcriptional repressors, inhibiting their own 
transcription, and that of the Notch ligand DeltaC, in the posterior PSM (Giudicelli et 
al., 2007). Mathematical modelling has shown that this Her1/Her7 autoinhibition has 
the potential to generate a delayed negative feedback loop, which could underlie 
the oscillating expression of these genes. The concomitant cyclical inhibition of 
DeltaC is thought to coordinate gene expression oscillations between neighbouring 
cells (Lewis, 2003). It follows from this model that this negative-feedback driven 
gene expression oscillation frequency would provide the temporal information 
required to set the pace of the segmentation clock (Fig. I.2b) (Pais-de-Azevedo et 
al., 2018, Hubaud and Pourquié, 2014). 
Interestingly, this model postulates that the production of stable oscillations in gene 
expression is predicated on several conditions, one of which being the instability of 
the her7, her1 and deltaC mRNAs (Lewis, 2003). This instability was further 
confirmed by in situ hybridisation and fluorescent reporter experiments, which 
revealed that the mRNAs of these genes have very short half-lives, specifically 6.1-
8.1 minutes (Giudicelli et al., 2007, Gajewski et al., 2003). Regarding the 
mechanisms that mediate this instability, recent studies conducted in zebrafish, 
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mouse and chick suggest that a Pnrc2-Upf1 complex and the microRNA mir-125a-
5p operate as negative regulators of the stability of the cyclic her1 and lunatic fringe 
mRNAs, respectively (Gallagher et al., 2017, Riley et al., 2013, Wahi et al., 2017). 
 
I.1.1.2.2 The wavefront 
 
The wavefront was originally defined by Cooke and Zeeman as a front of rapid cell 
change moving slowly in a posterior direction along the axis of the embryo (Cooke 
and Zeeman, 1976). Subsequent studies have identified the position of this 
conceptual wavefront (also known as the determination front) as the virtual frontier 
between the posterior PSM – where the paraxial mesoderm cells have yet to acquire 
their somitic identity – and the anterior PSM – where cells are already committed to 
their somitic fate. Furthermore, the clock and wavefront model proposes that the 
wavefront corresponds to the level at which PSM cells become responsive to a 
signal from the segmentation clock that potentiates the definition of the future 
segmental domain, and thus, the size of the formed somites (Fig. I.2b) (Hubaud and 
Pourquié, 2014, Yabe and Takada, 2016, Cooke and Zeeman, 1976, Dequéant and 
Pourquié, 2008).  
Three major signalling gradients have been implicated in defining the position of the 
wavefront: a posterior-to-anterior FGF gradient, a posterior-to-anterior Wnt gradient, 
and an anterior-to-posterior Retinoic Acid (RA) gradient (Fig. I.2b).  
Studies done in chick, zebrafish and mouse have shown that both upregulation and 
downregulation of FGF signalling in the PSM leads to a disruption of somitogenesis, 
specifically regarding somite boundary positioning (Dubrulle et al., 2001, Sawada et 
al., 2001, Wahl et al., 2007, Naiche et al., 2011). This wavefront activity appears to 
be primarily mediated by the fgf8a gene in zebrafish embryos, whereas mouse 
embryos appear to rely on both FGF8 and FGF4 ligands for this process (Akiyama 
et al., 2014, Naiche et al., 2011). 
Interestingly, Dubrulle and Pourquié reported that in the chick and mouse PSM, Fgf8 
transcription is restricted to the growing posterior tip of the embryo. As posterior 
body elongation progresses, Fgf8 mRNA is gradually degraded in the newly formed 
tissues leading to the establishment of the observed posterior-to-anterior Fgf8 
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mRNA gradient. Considering that the process of posterior body elongation is 
relatively slow, these results indicate that a certain degree of Fgf8 mRNA stability 
must be present to enable FGF8 gradient formation, and consequently, wavefront 
establishment (Dubrulle and Pourquié, 2004). 
The role of the Wnt gradient in wavefront establishment was first identified in mouse, 
where an upregulation of Wnt signalling in the PSM lead to a disruption of paraxial 
mesoderm maturation and somite boundary positioning (Aulehla et al., 2008, Dunty 
et al., 2008). Evidence for the conservation of this function comes from studies done 
in zebrafish, where temporally-controlled modulations of Wnt signalling led to 
alterations in somite size (Bajard et al., 2014). 
In contrast to the FGF and Wnt gradients, which display higher morphogen 
concentrations at the posterior tip of the embryo, the RA gradient displays higher 
concentration levels in the somites and anterior PSM (Rossant et al., 1991, 
Shimozono et al., 2013). In line with this, the RA gradient was proposed to function 
as an antagonist of the FGF signalling gradient, with FGF8 and RA contributing to 
wavefront position establishment through a mechanism of mutual inhibition (Diez 
del Corral et al., 2003, Vermot et al., 2005, Moreno and Kintner, 2004).  
In addition, RA has also been implicated in the maintenance of the lateral symmetry 
of the somites. In this context, it has been proposed that during the period of 
development when the asymmetric position of internal organs such as the heart, 
liver and pancreas is being established, RA functions as a buffer in the somites, 
ensuring that somitogenesis remains refractory to asymmetry-inducing mechanisms 
(Kawakami et al., 2005, Vermot and Pourquié, 2005, Sirbu and Duester, 2006). 
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Fig. I.2 – Illustration of the late stages of zebrafish embryonic development.  
(a) Representation of key embryonic stages of late zebrafish embryogenesis, specifically, 
the segmentation, pharyngula and hatching periods (adapted from (Kimmel et al., 1995)). 
(b) The somitogenesis process in zebrafish. Representation of the Clock and Wavefront 
model, according to which, two mechanisms control the activation of the somitogenesis 
programme: the Clock (right) and the Wavefront (left). The frequency of the Clock is thought 
to rely on a delayed negative feedback loop established by the her1 and her7 genes. The 
position of the wavefront is defined by three gradients: A Retinoic Acid gradient, a FGF 
signalling gradient and a Wnt signalling gradient. According to this model, the frequency of 
somite formation and the size of the formed somites are determined by the interplay 
between these two mechanisms (partially adapted from (Giudicelli et al., 2007)). (c) Internal 
organ laterality establishment in zebrafish. The process of Left-Right patterning is initiated 
by motile cilia present in the KV, which rotate in a counter-clockwise manner creating a 
leftward extracellular fluid flow. This flow induces the establishment of the first asymmetric 
cues which, in zebrafish, include the right-side specific expression of the spaw inhibitor 
dand5. Asymmetric gene expression in the KV functions as a laterality signal which is 
transmitted to the LPM and triggers asymmetric gene expression in the left LPM, namely 
the nodal-lefty-pitx2 cascade. This in turn determines the correct lateral positioning of the 
visceral and cardiac organs (partially adapted from (Wang et al., 2012)). 
HatchingPharyngulaSegmentation
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I.1.2 Left-Right organ asymmetry 
 
Embryonic morphogenesis takes place along three orthogonal axes: The Anterior-
Posterior axis, the Dorsal-Ventral axis and the Left-Right axis. When it comes to the 
Left-Right axis, most vertebrates have a largely symmetrical body-plan, with this 
symmetry being broken by the asymmetric placement of several internal organs, 
such as the heart, gut, liver, spleen and stomach. Furthermore, paired organs such 
as the lungs and brain tend to develop asymmetrically, presenting morphological 
and/or functional differences between the left and right sides (Grimes and Burdine, 
2017). 
 
I.1.2.1 The Left-Right organizer 
 
In vertebrates, the establishment of Left-Right asymmetry is widely believed to begin 
in transient midline structures, which appear at the posterior end of the notochord 
during early somitogenesis stages and are known as Left-Right organizers (LROs) 
(Fig. I.2c) (Grimes and Burdine, 2017, Amack, 2014).  
In mouse the LRO is termed Node, in zebrafish and medaka the LRO is known as 
the Kupffer’s Vesicle (KV), the Xenopus LRO is the Gastrocoel Roof Plate and the 
rabbit LRO is the posterior notochord. Studies conducted in these organisms have 
shown that a largely conserved feature of the LRO is the presence of motile cilia 
which display a posterior tilt and rotate in a clockwise manner, when observed 
ventrally (Okada et al., 2005, Nonaka et al., 2005, Kramer-Zucker et al., 2005, 
Okabe et al., 2008, Schweickert et al., 2007). These motility features allow the cilia 
to generate an extracellular unidirectional leftward fluid flow within the organizer, 
with this flow being perceived as a crucial aspect of Left-Right asymmetry 
establishment (Fig. I.2c) (Cartwright et al., 2004, Okada et al., 2005, Kramer-Zucker 
et al., 2005, Essner et al., 2005, Hojo et al., 2007, Schweickert et al., 2007, Blum et 
al., 2009).  
There are many factors known to influence the LRO fluid flow, one of which is the 
cellular architecture and morphology of the LRO. Features such as the size and 
shape of the LRO, as well as the number of ciliated cells and their spatial 
 13 
 
organization within the organizer, vary significantly between vertebrate species 
(Amack, 2014, Blum et al., 2009, Lee and Anderson, 2008, Shook et al., 2004, Wang 
et al., 2011). However, studies in mouse and zebrafish have shown that the 
disruption of these specie-specific LRO architectures has a detrimental effect on 
Left-Right asymmetry establishment (Beckers et al., 2007, Lee et al., 2010, Pulina 
et al., 2011, Sutherland et al., 2013, Arrington et al., 2013, Oteiza et al., 2010, Wang 
et al., 2011, Wang et al., 2012, Ablooglu et al., 2010, Matsui et al., 2011).  
For instance, the zebrafish Kupffer’s Vesicle is a spherical structure, with a higher 
concentration of ciliated epithelial cells in the anterior side of the dorsal surface of 
its lumen (Fig. I.2c) (Kreiling et al., 2007). This dorsal anterior cluster of motile cilia 
is formed through a process called KV remodelling, whereby the most anterior cells 
become elongated with tight apical surfaces, and the most posterior cells adopt a 
cuboid shape with larger apical surfaces (Wang et al., 2012). This process appears 
to be regulated by the Rho kinase (Rock) 2b-Myosin pathway, with disruptions of 
this pathway leading to alterations in KV morphology, fluid flow, and ultimately 
internal organ laterality (Wang et al., 2011, Wang et al., 2012). In mouse the RHO 
family member RAC1 has also been implicated in LRO morphogenesis, and in 
Xenopus, rock2 knockdown has been linked to Left-Right patterning defects, thus 
raising the possibility of a conserved role for this pathway in LRO architecture 
establishment (Migeotte et al., 2011, Fakhro et al., 2011).  
Additional proteins with an apparent involvement in mouse LRO architecture 
establishment, and consequently Left-Right organ asymmetry, include the 
transcription factors NOTO and ZIC3, the cytoskeletal-associated protein EPB4.1l5, 
the extracellular matrix component Fibronectin and its receptor Integrin α5β1 
(Beckers et al., 2007, Lee et al., 2010, Pulina et al., 2011, Sutherland et al., 2013). 
The latter has also been implicated in Left-Right organ asymmetry establishment in 
the zebrafish (Pulina et al., 2011). Furthermore, several genes and signalling 
pathways have been implicated in different aspects of zebrafish KV morphogenesis, 
and consequently internal organ laterality establishment. These include Wnt11- and 
Prickle1a-mediated planar cell polarity signalling, the Integrin subunits αV and β1b, 
the adhesion molecule Cadherin1, and the transmembrane heparan sulfate 
proteoglycan Syndecan 2 (Sdc2), with the last two exerting their functions through 
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interactions with the FGF signalling pathway (Arrington et al., 2013, Oteiza et al., 
2010, Ablooglu et al., 2010, Matsui et al., 2011).   
 
I.1.2.2 Asymmetric gene expression in the LRO 
 
In most vertebrate species, the leftward fluid flow generated in the LRO precedes 
and is widely believed to induce asymmetric gene expression (Fig. I.2c). Despite the 
extensive work that has been conducted in the field, and the many conserved 
aspects of Left-Right asymmetry establishment, the mechanisms that effectively 
detect and translate the LRO fluid flow into an asymmetric signalling pathway remain 
unknown (Grimes and Burdine, 2017). 
The most widely accepted models to address the nature of these mechanisms are 
the morphogen model and the two-cilia model. The morphogen model proposes that 
a morphogen, or a series of vesicular parcels (termed “nodal vesicular parcels”) 
containing morphogens such as Sonic Hedgehog or Retinoic Acid, are transported 
to the left side of the LRO by the fluid flow. Once these morphogens reach the left 
LRO, they induce a release of Ca2+, which in turn triggers left side specific gene 
expression (Nonaka et al., 1998, Tanaka et al., 2005). The two-cilia model proposes 
that the LRO contains two different populations of cilia: motile cilia and immotile 
sensory cilia. According to this model, while the motile cilia generate the fluid flow, 
the immotile cilia sense the flow on the left side of the LRO and trigger the release 
of Ca2+, which in turn induces left side specific gene expression (McGrath et al., 
2003). Note that these models are not mutually exclusive, thus both mechanisms 
can exist simultaneously in the LRO. 
Left side specific gene expression has been identified in several vertebrate 
organisms, with the major players in asymmetric signalling belonging to the Nodal 
pathway. The Nodal genes are members of the Transforming Growth Factor beta 
(TGFβ) superfamily and have a highly conserved role as left side determinants. 
While humans, mice and chick have a single Nodal gene, Xenopus have five 
NODAL-related proteins (Xnr1, 2, 4, 5 and 6) and zebrafish have three (Cyclops, 
Squint and Southpaw (Spaw)) (Shen, 2007, Schier, 2009). 
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In mouse, Nodal expression is transiently enhanced on the left side of the LRO at 
the 4-5 somite stage (ss), whereas in zebrafish nodal expression is always 
symmetric in the LRO (Collignon et al., 1996, Long et al., 2003).  However, studies 
done in mouse have shown that NODAL activity is higher on the left side of the LRO, 
even during stages when Nodal expression is symmetric. This was proposed to 
arise from the asymmetric expression of the NODAL inhibitor CERL2 on the right 
side of the LRO (Kawasumi et al., 2011). A similar mechanism is thought to be 
present in the zebrafish, with the Nodal inhibitor Dand5 also displaying an 
asymmetric expression pattern favouring the right side of the LRO (Fig. I.2c) (Lopes 
et al., 2010). 
CERL2 and Dand5 are members of the DAN family of cysteine-rich extracellular 
proteins that can block Nodal signalling by interacting directly with the NODAL 
proteins (Shen, 2007, Schier, 2009). In the mouse, CERL2 expression is initially 
symmetric in the LRO, becoming asymmetric at the onset of LRO ciliary flow (Pearce 
et al., 1999, Marques et al., 2004). This shift from symmetric to asymmetric 
expression was proposed to rely on the targeted degradation of Cerl2 mRNA in the 
apical and left-sided region of the LRO (Nakamura et al., 2012). Regarding 
zebrafish, dand5 expression is also initially symmetrical in the LRO and at the 8 
somite stage, with the onset of ciliary flow, becomes asymmetrically positioned on 
the right side of the LRO, although the mechanisms that regulate this shift in 
zebrafish are currently unknown (Lopes et al., 2010). 
 
I.1.2.3 Asymmetric gene expression in the LPM  
 
After the first asymmetry cues are established in the LRO, in the form of an 
asymmetric activation of the Nodal pathway, these cues are transmitted to the left 
Lateral Plate Mesoderm (LPM) (Fig. I.2c). The process through which left side 
specific NODAL activity in the LRO translates into left side specific Nodal expression 
in the LPM is still not fully understood. However, several lines of evidence suggest 
that NODAL exhibits a long-range activity, traveling directly from the left side of the 
LRO towards the left lateral plate mesoderm, through an intra-embryonic route. The 
efficiency of this transport appears to rely on interactions between NODAL and 
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Sulfated Glycosaminoglycans (Oki et al., 2007, Marjoram and Wright, 2011, 
Shiratori and Hamada, 2014).  
Once the NODAL signal reaches the left LPM, it triggers the activation of the Nodal-
Lefty-Pitx2 gene expression cassette. This cassette contains three remarkably 
conserved Nodal pathway target genes: Nodal itself, the Nodal Inhibitor Lefty, and 
Pitx2 (Fig. I.2c) (Shen, 2007, Schier, 2009). 
Evidence supporting the auto-activation of Nodal came from studies done in mouse, 
where two NODAL-responsive enhancers have been identified in the Nodal gene, 
the left-side enhancer (LSE) and the asymmetric enhancer (ASE). The combined 
action of these two enhancers is thought to drive Nodal expression in the left LPM 
(Adachi et al., 1999, Norris and Robertson, 1999, Saijoh et al., 2000, Saijoh et al., 
2005). This auto-activation of Nodal results in the rapid spread of Nodal expression 
throughout the left LPM, as well as the induction of Lefty and Pitx2 expression.  
Lefty proteins are Nodal target genes which establish a negative feedback loop with 
Nodal. Most vertebrates have only one Lefty protein with the exception of mouse 
and zebrafish, which have two, LEFTY1 and LEFTY2 (Schier, 2009, Shiratori and 
Hamada, 2014). Lefty2 expression is activated by NODAL in the left LPM, where it 
downregulates NODAL activity thus regulating the spread of Nodal expression. 
Nodal signalling also activates Lefty1 expression in the axial midline, LEFTY1 is 
therefore thought to function as a molecular barrier that prevents leakage of the 
Nodal signal from the left to the right side. This mechanism of self-enhancement and 
lateral inhibition has been proposed to ensure the propagation of NODAL signals 
throughout the left LPM, while simultaneously inhibiting their activation on the right 
LPM (Schier, 2009, Shiratori and Hamada, 2014, Nakamura et al., 2006, Saijoh et 
al., 2000, Meno et al., 1998, Yamamoto et al., 2003).  
Much like Nodal, Pitx2 is a highly conserved left-side specific gene, being expressed 
in the left LPM of all the vertebrate species studied to date (Shiratori and Hamada, 
2014, Burdine and Schier, 2000). In addition, Pitx2 also possesses a left-side 
specific ASE enhancer, which is responsive to NODAL and required for Pitx2 
expression in the left LPM. In this context, NODAL appears to induce Pitx2 
expression in the left LPM, through the ASE enhancer, with the maintenance of LPM 
Pitx2 expression being independent of NODAL and relying instead on the homeobox 
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transcription factor NKX-2.5 (Shiratori et al., 2001). Pitx2 expression in the left LPM 
therefore functions as a readout of Nodal signalling and is thought to contribute to 
the following stage of Left-Right patterning during which positional information is 
transferred to the developing internal organs. 
 
I.1.2.4 Asymmetric internal organ placement 
 
There are several lines of evidence supporting the theory that asymmetric gene 
expression in the LPM conditions the asymmetric placement of internal organs such 
as the gut, liver, pancreas (also known as visceral organs) and the heart (Fig. I.2c). 
However, the specific requirements for Nodal-Pitx2 asymmetric signalling and the 
precise contribution of this pathway to organ laterality establishment require further 
elucidation. 
During gut development, the first break from symmetry occurs when portions of the 
gut are displaced laterally from the midline, in a process termed gut looping. In 
zebrafish gut looping occurs when the region that will give rise to the liver and 
intestinal bulb moves to the left of the midline. The mechanisms that drive gut 
looping appear to be largely reliant on neighbouring tissues. Specifically, in 
zebrafish gut asymmetries are driven by the asymmetric migration of the LPM, and 
in amniotes the initial chirality of gut looping relies on asymmetries in the cellular 
architecture of the associated dorsal mesentery (Horne-Badovinac et al., 2003, 
Davis et al., 2008, Kurpios et al., 2008). Importantly, Nodal signalling has been 
identified as an upstream regulator of asymmetric LPM migration in zebrafish and 
left-sided Nodal-Pitx2 expression was shown to instruct asymmetric cellular 
architecture establishment in the amniote dorsal mesentery (Grimes and Burdine, 
2017, Horne-Badovinac et al., 2003, Davis et al., 2008, Kurpios et al., 2008).  
Consistent with this is the observation that mouse mutants lacking left-sided Pitx2 
expression exhibit laterality defects in most visceral organs (Shiratori et al., 2006). 
Furthermore, in zebrafish nodal mutants the lateral positions of the visceral organs 
are randomized (Noël et al., 2013). However, zebrafish pitx2 mutants do not present 
laterality defects in the visceral organs, raising the possibility that additional Nodal 
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signalling effectors can contribute to the establishment of visceral organ laterality in 
the fish (Ji et al., 2016).  
In zebrafish, cardiac symmetry breaking can be divided into two steps: a Jogging 
step and a Looping step. The Jogging step is characterized by a leftwards and 
cranial displacement of atrial cardiomyocytes and simultaneous involution of 
ventricular myocardial cells, which generates a leftward pointing cardiac tube. The 
Looping step involves the repositioning of the atrium in a caudal direction and the 
repositioning of the ventricle in an anterior direction, which generates a coiled 
cardiac tube with well-defined inner and outer curvatures. In wildtype conditions the 
direction of heart tube Jogging (Left jog) prefigures the direction of cardiac Looping 
(Dextral loop) (Campione and Franco, 2016). 
Noticeably, in zebrafish nodal mutant embryos, normal Dextral looping is still 
observable in approximately 70% of the mutant population (Noël et al., 2013). 
Furthermore, heart tubes isolated from these embryos and cultivated in vitro, retain 
the capacity to undergo Dextral looping (Noël et al., 2013). These results raise the 
possibility that nascent cardiomyocytes possess an intrinsic laterality bias, with 
robust cardiac asymmetry establishment likely resulting from the integration of this 
intrinsic program with the laterality signals provided by the Nodal pathway. 
Furthermore, Pitx2 has been implicated in several aspects of asymmetric cardiac 
morphogenesis, with Pitx2 loss-of-function experiments leading to atrial isomerism, 
impaired atrioventricular remodelling, atrial and ventricular septal defects and 
morphological defects arising from an impairment of the alignment and rotation of 
the outflow tract relative to the ventricles (Campione and Franco, 2016). However, 
while PITX2 seems to be required to establish cardiac looping directionality in the 
chick, this requirement appears to be absent in zebrafish and mouse (Shiratori et 
al., 2006, Lu et al., 1999, Gage et al., 1999, Kitamura et al., 1999, Lin et al., 1999, 
Ji et al., 2016, Yu et al., 2001, Campione and Franco, 2016). Further reinforcing the 
possibility that additional mechanisms, outside the scope of the Nodal pathway, 
contribute to the establishment of cardiac laterality. 
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I.1.3 FGF signalling in embryonic development 
 
Embryonic development relies on short- and long-distance cellular communication, 
with this communication often involving the secretion of signalling molecules and 
the activation of signalling pathways in response to these secreted signals. 
Extensive research into the major morphogenetic events that take place during 
embryogenesis has revealed that a surprisingly small number of signalling pathways 
appear to regulate the vast majority of developmental programs. One of these major 
regulators of embryonic development is the FGF signalling pathway (Perrimon et 
al., 2012). 
Fgf ligands are small secreted polypeptides with a partially conserved core of 120–
130 amino acids. The majority of Fgf ligands operate as paracrine signalling 
molecules, forming a tripartite complex with Fgf receptors (Fgfrs) and heparan 
sulphate glycosaminoglycan chains (HS-GAG). Fgfrs are receptor tyrosine kinases 
which are activated by Fgf/HS-GAG binding. Fgfr activation results in receptor 
dimerization and triggers the activation of intracellular signal transduction pathways, 
including the RAS-MAPK (Ras – Mitogen activated protein kinase), PI3K-AKT 
(Phosphoinositide 3 kinase - Protein kinase B), PLC𝛾 (phospholipase-Cγ), and 
STAT (Signal transducer and activator of transcription) pathways. In most cases, 
the activation of these pathways ultimately affects the transcriptional program of the 
cell, with genes which are differentially expressed in response to FGF signalling 
being commonly referred to as Fgf target genes (Pownall and Isaacs, 2010, Ornitz 
and Itoh, 2015). 
During embryonic development, several Fgf ligands and receptors have been 
implicated in embryonic patterning, progenitor cell maintenance, growth, 
differentiation and survival. Furthermore, FGF signalling appears to influence 
embryogenesis from its earliest stages and throughout the entire organogenesis 
phase (Pownall and Isaacs, 2010, Ornitz and Itoh, 2015). The next sections will 
focus on highlighting some of the key functions of the FGF signalling pathway during 
embryonic development, with a special emphasis on the developmental roles of the 
zebrafish ligand fgf8a and its orthologues – the Fgf8 genes. 
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I.1.3.1 FGF signalling in gastrulation and posterior body development 
 
In the early stages of embryonic development, the FGF pathway has been shown 
to contribute to multiple aspects of the gastrulation process, with disruptions of FGF 
signalling in zebrafish, amniote, fly and frog embryos leading to severe defects in 
gastrula development (Griffin et al., 1995, Yamaguchi et al., 1994, Deng et al., 1994, 
Amaya et al., 1991, Isaacs et al., 1994, Beiman et al., 1996, Gisselbrecht et al., 
1996). 
Several lives of evidence point to a role for the FGF pathway in the coordination of 
cell movements during gastrulation. In particular, studies done in chimeric mice 
containing Fgfr1 mutant cells and in homozygous Fgf8 mice mutants have reported 
an accumulation of cells in the primitive streak during gastrulation, and a subsequent 
disruption of mesoderm and endoderm-derived tissue development (Ciruna et al., 
1997, Ciruna and Rossant, 2001, Sun et al., 1999). In addition, FGF8 and FGF4 
have been implicated in the coordination of gastrulation movements in the chick, 
where these ligands were found to act as a chemorepellent and a chemoattractant, 
respectively, and their combined action was proposed to function as a guide for cell 
ingression and cell migration away from the primitive streak (Yang et al., 2002). 
Furthermore, two Fgf8-like Drosophila genes – thisbe and pyramus – as well as the 
Drosophila Fgfr2 gene – heartless – have been implicated in mesoderm cell 
migration during gastrulation (Gryzik and Müller, 2004, Beiman et al., 1996, 
Gisselbrecht et al., 1996). 
In addition to its role in the coordination of gastrulation cell movements, the FGF 
signalling pathway has also been implicated in the specification of the dorsal-ventral 
axis in gastrulating Xenopus and zebrafish embryos. In Xenopus, FGF appears to 
achieve this patterning function by contributing to the specification of the animal-
vegetal axis, which prefigures the dorsal-ventral axis in this organism (Kumano and 
Smith, 2000, Kumano et al., 2001, Kumano and Smith, 2002). Several lines of 
evidence indicate that FGF signalling contributes to dorsal-ventral specification by 
promoting dorsal fates and inhibiting ventral fates. For instance in zebrafish, Fgf8a 
was shown to contribute to dorsal fate specification by cooperating with the dorsal 
fate-associated gene chordin and inhibiting the expression of the ventral fate-
associated bone morphogenetic proteins (BMPs) in the dorsal mesoderm, thus 
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restricting BPM expression to the ventral mesoderm (Fürthauer et al., 1997, 
Fürthauer et al., 2004).   
Furthermore, studies done in Xenopus, zebrafish, chick and mouse have shown that 
the FGF signalling pathway is required for the formation of the mesodermal germ 
layer during the gastrula phase (Slack et al., 1987, Amaya et al., 1991, Amaya et 
al., 1993, Griffin et al., 1995, Mitrani et al., 1990, Burdsal et al., 1998). In this context 
FGF signalling does not appear to function as an instructive inducer of the 
mesodermal fate per se. Instead, Fgfs are thought to function primarily as 
competence factors granting the cells the ability to respond to other mesoderm 
inducers, such as TGFβs (Mathieu et al., 2004, Cornell and Kimelman, 1994, 
LaBonne and Whitman, 1994). In addition, FGF signalling also contributes to 
mesoderm formation by positively regulating the expression of the T-box 
transcription factor Brachury, with this regulation involving a mechanism of positive 
feedback between FGF and Brachury (Isaacs et al., 1994, Schulte-Merker and 
Smith, 1995, Ciruna and Rossant, 2001, Griffin et al., 1995, Kiecker et al., 2016). 
Interestingly, the role of FGF signalling in mesoderm induction appears to extend 
beyond the gastrula phase, specifically during posterior body development. This 
was highlighted in a recent study done in zebrafish which found that FGF cooperates 
with Wnt signalling to induce paraxial mesoderm fates from tailbud 
neuromesodermal progenitors. The authors propose that this process involves a 
two-step epithelial to mesenchymal transition event in which Wnt signalling initiates 
the transition and FGF signalling promotes its completion. Contrary to the 
gastrulation context, in the tailbud context FGF signalling appears to induce the 
paraxial mesoderm fate, in part, by indirectly repressing the expression of the 
zebrafish brachyury gene ta (Goto et al., 2017). 
The specific ligands and receptors involved in the FGF pathway’s functions in 
mesoderm formation have yet to be fully identified. However, studies in Xenopus 
have implicated the fgf4 and fgf8 genes in these processes, with the fgf8 splicing 
isoform fgf8b appearing to have a more prominent role in mesoderm formation than 
the fgf8a isoform (Isaacs et al., 1994, Schulte-Merker and Smith, 1995, Fletcher et 
al., 2006, Fletcher and Harland, 2008). In zebrafish, posterior mesoderm formation 
appears to require the combined activity of the Fgf8a and Fgf24 ligands, and 
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evidence from chick implicates FGFR1 in the process of mesoderm cell fate 
specification (Draper et al., 2003, Ciruna and Rossant, 2001). 
In addition to its role in paraxial mesoderm induction, FGF signalling in the tailbud 
was shown to contribute to the maintenance of the progenitors of the spinal cord, 
and is known to operate during posterior body elongation by promoting proper cell 
migration in the tailbud and paraxial mesoderm (Mathis et al., 2001, Akai et al., 2005, 
Lawton et al., 2013, Steventon et al., 2016). Lastly, FGF signalling in the paraxial 
mesoderm is involved in the establishment of the somitogenesis wavefront. As 
previously noted, this wavefront activity appears to be mediated by the Fgf8a ligand 
in zebrafish and the FGF4 and FGF8 ligands in mouse, and plays a fundamental 
role in somite formation (Section I.1.1.2.2).  
 
I.1.3.2 FGF signalling in anterior body and sensory system development 
 
I.1.3.2.1 The midbrain-hindbrain boundary 
 
One of the most important developmental functions of FGF signalling, and the Fgf8a 
ligand in particular, is in the formation of the midbrain-hindbrain boundary (MHB), 
also known as the isthmic organizer. The MHB presents morphologically as a 
constriction in the developing neural tube at the interface between the midbrain and 
hindbrain neuromeres. Molecularly, the MHB is known to function as a signalling 
centre responsible for patterning cell fates anteriorly in the midbrain and posteriorly 
in the cerebellum (Gibbs et al., 2017). 
A critical aspect of MHB development is the establishment of an FGF/Wnt signalling 
interface, with progenitors of the posterior mesencephalon expressing Wnt ligands 
and progenitors of the anterior rhombencephalon expressing Fgf ligands. In mouse, 
both homozygous Wnt1 mutants and homozygous Fgf8 mutants fail to develop the 
entire midbrain-hindbrain region (McMahon and Bradley, 1990, Chi et al., 2003). In 
zebrafish, loss of wnt3a, wnt1 and wnt10b produces a similar phenotype and the 
zebrafish fgf8a mutant acerebellar (ace) lacks a cerebellum, lacks MHB constriction 
and displays defects in midbrain polarization (Buckles et al., 2004, Reifers et al., 
1998, Picker et al., 1999, Gibbs et al., 2017). 
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The FGF/Wnt signalling interface is first established during late gastrula to early 
somitogenesis stages and is believed to function initially by reinforcing the 
positioning of the MHB (Gibbs et al., 2017, Rhinn and Brand, 2001). However, the 
main function of this interface, and fgf8a in particular, appears to be the 
maintenance of the MHB genetic program. For instance, in zebrafish ace mutants 
the expression of wnt1 and other patterning genes such as her5, pax2a, en2a and 
en2b is initially activated in the MHB, but fades during early- to mid-somitogenesis 
stages (Reifers et al., 1998). This failure to maintain the MBH genetic program is 
mirrored morphologically, with fgf8a morphants initiating the process of constriction 
which then fails to mature properly (Gibbs et al., 2013). It follows from these studies 
that Fgf8a is necessary for the maintenance of the molecular and mechanical 
microenvironments required for MHB morphogenesis.   
 
I.1.3.2.2 The inner ear 
 
FGF signalling is also a major player in inner ear development, with its contributions 
to this process including fate specification, patterning and regulation of neural 
development. The process of inner ear development begins with the specification of 
the otic placode, a region of specialised ectoderm lying adjacent to the developing 
hindbrain. The cells in this otic region subsequently integrate both external and 
internal signals, which not only drive tissue invagination and subsequent formation 
of the otic vesicle, but also trigger the specification of the different cell types and 
spatial identities of the emerging inner ear (Ladher, 2017).  
In zebrafish, FGF signalling appears to function, between the late gastrula and early 
somitogenesis stages, as an early inducer of the otic placodal fate, with this function 
being mediated by the combined activity of the Fgf8a and Fgf3 ligands (Phillips et 
al., 2001, Maroon et al., 2002, Léger and Brand, 2002, Liu et al., 2003). The FGF8 
and FGF3 ligands have also been implicated in early otic fate induction in chick and 
mouse, along with the chick FGF19 ligand and the mouse FGF10 ligand (Wright and 
Mansour, 2003, Ladher et al., 2005, Alvarez et al., 2003, Domínguez-Frutos et al., 
2009, Zelarayan et al., 2007, Freter et al., 2008). Following placodal fate induction, 
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FGF signalling has also been shown to trigger some of the morphological changes 
underlying the invagination process (Sai and Ladher, 2008). 
Furthermore, during late placode and early otic vesicle stages FGF signalling 
contributes to the anterior-posterior specification of otic fates. In zebrafish, this 
process takes place at mid-somitogenesis stages and FGF signalling operates in 
this context by instructing anterior identity, with posterior identity being specified by 
Hedgehog signalling. The Fgf3 ligand has been shown to be partially responsible 
for mediating this FGF signalling function (Hammond and Whitfield, 2011). 
In addition, FGF signalling has been implicated in otic neuroblast development in 
chick and zebrafish (Alsina et al., 2004, Vemaraju et al., 2012). For instance, 
between the mid-somitogenesis and pharyngula stages of zebrafish 
embryogenesis, FGF signalling regulates several steps of neuronal development in 
the statoacoustic ganglion (SAG). In the initial phases of SAG development, a 
moderate level of Fgf8a and Fgf3 promotes neuroblast specification within the otic 
vesicle. As SAG development progresses, neuroblasts differentiate into mature 
SAG neurons which express Fgf5, leading to a gradual increase in FGF signalling. 
When the combined levels of Fgf8a, Fgf3 and Fgf5 exceed a threshold value, FGF 
signalling terminates specification of new neuroblasts and slows differentiation of 
progenitors into mature neurons (Vemaraju et al., 2012). This mechanism is thought 
to enable the maintenance of a stable progenitor pool in the SAG, in which growth 
and differentiation are evenly balanced.  
 
I.1.3.2.3 The anterior and post optic commissures 
 
The functions of Fgf signalling in sensory system-associated neural development 
also include an important role in commissure formation. Commissures are axonal 
connections between the left and right sides of the nervous system, which play 
critical roles in lateralized sensory-motor functions. For instance, in zebrafish, the 
post optic and the anterior commissures are formed during the early stages of the 
pharyngula period. The post optic commissure includes bilateral axons that connect 
the preoptic area with the hypothalamus, as well as telencephalic and thalamic 
fibers that project to the hypothalamic region. The anterior commissure connects 
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the olfactory bulbs, pallial and sub-pallial areas to their contralateral homotopic 
structures (Suárez et al., 2014, Barresi et al., 2005). 
A key function of Fgf signalling in commissural development is in the early 
dorsoventral patterning events that lead to the subdivision of the commissural plate. 
Studies in mouse and chick have shown that these patterning events involve the 
morphogenic activity of BMP/Wnt and Sonic Hedgehog (SHH), which establish the 
pallial and subpallial territories respectively, with FGF signalling, and the FGF8 
ligand in particular, operating primarily in the refinement of the subpallium into septal 
and preoptic regions (Ohkubo et al., 2002, Shimogori et al., 2004, Storm et al., 2006, 
Suárez et al., 2014). 
Following the patterning of the commissural plate, growing commissural axons are 
guided toward and across the midline, by several glial cell populations, to form the 
commissures (Suárez et al., 2014). Although the precise role of FGF signalling in 
commissure formation remains to be elucidated, studies conducted in FGFR1 
deficient mice have shown that FGF signalling is essential for the formation of the 
major commissures. These studies also proposed that FGF signalling functions in 
this context, in part, by contributing to the formation of the midline glial structures 
that guide commissural axon crossing (Smith et al., 2006, Tole et al., 2006). 
In line with this, zebrafish ace mutants display abnormal cell morphology and altered 
gene expression patterns in the midline. These embryos also present axon 
pathfinding defects of varying severities, in the establishment of the anterior and 
post optic commissures, with the majority of ace embryos failing to form one or both 
commissures (Shanmugalingam et al., 2000). In addition, aussicht (aus) mutants, in 
which the expression of fgf8a is upregulated, exhibit patterning defects in the midline 
and pretectal areas, as well as a delay in anterior and post optic commissure 
formation (Heisenberg et al., 1999). Furthermore, a study done in fgf8a and fgf3 
zebrafish morphants revealed that anterior commissure formation is abnormal in the 
absence of either Fgf3 or Fgf8a, with depletion of both ligands leading to more 
severe defects in commissure formation (Walshe and Mason, 2003). Taken together 
these studies provide evidence for a clear contribution of FGF signalling to the 
commissure formation process, with the zebrafish Fgf8a and Fgf3 ligands exhibiting 
partially redundant roles in this context.  
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I.1.3.2.4 The retina  
 
In line with the previously described functions of FGF signalling in sensory system-
associated neural development, this pathway has also been implicated in both 
neurogenesis and patterning of the developing vertebrate retina.  
In the vertebrate retina, FGF signalling has been proposed to function primarily as 
an important organizing center for retinal neurogenesis. In this capacity, data from 
chick and zebrafish have shown that the concerted activity of FGF8 and FGF3 
ligands appears to be both necessary and sufficient to coordinate the differentiation 
of the retinal ganglion cells, with these cells constituting the first population of retinal 
neurons to form in the vertebrate embryo (Martinez-Morales et al., 2005). 
Furthermore, FGF signalling was shown to promote retinal differentiation by 
activating SHH signalling. In this context, the Fgf8/Fgf3 signalling center appears to 
promote the initiation of shh expression in the ventral-nasal region of the retina, with 
the Fgf19 ligand subsequently contributing to the propagation of shh expression 
through the retina (Vinothkumar et al., 2008). 
An additional aspect of retinal development, which appears to be under the control 
of Fgf signalling to a considerable extent, is the process of retinal nasal-temporal 
patterning. This patterning process is a crucial aspect of eye development because 
it ensures that retinal ganglion cell axonal projections later map onto the correct 
regions of the brain. Studies in zebrafish have shown that a combined 
Fgf8a/Fgf3/Fgf24 signal, emanating from neighbouring tissues during the 
segmentation phase, appears to regulate retinal patterning by confining the 
expression of nasal and temporal marker genes to the dorsal and ventral halves of 
the evaginating optic vesicle, respectively (Picker et al., 2009, Picker and Brand, 
2005). The process of nasal and temporal marker regionalization was proposed to 
rely on a balance between FGF signalling and SHH signalling, which appear to have 
opposing actions in the optic vesicle, with loss of FGF signalling leading to 
compromised specification of nasal identity and loss of SHH signalling leading to 
compromised specification of temporal identity (Hernández-Bejarano et al., 2015, 
Picker et al., 2009). In addition, one of the nasal markers involved in this process is 
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the foxg1 gene, which in the presence of FGF signalling appears to enhance cell 
cohesion in the future nasal compartment through a currently unknown mechanism 
(Picker et al., 2009). Therefore, the Fgf8a, Fgf3 and Fgf24 ligands appear to function 
in concert, not only during the early nasal-temporal patterning of the retina, but also 
during optic vesicle morphogenesis. 
 
I.1.3.2.5 Vascularization 
 
One of the most well recognized functions of the FGF signalling pathway is the 
regulation of vessel formation. In this context Fgf ligands generally exert pro-
angiogenic activities by interacting with various endothelial cell surface receptors, 
with these interactions being further modulated by a variety of free and extracellular 
matrix-associated molecules. Interestingly, even though the roles of Fgf ligands 
have been extensively studied in tumour vascularization, neovascularization and 
adult angiogenesis contexts, the specific functions of endogenous Fgfs in embryonic 
vasculature development still require further elucidation (Presta et al., 2005, 
Murakami and Simons, 2008). 
Nevertheless, roles for this pathway in embryonic vascularization have been 
reported in zebrafish, chick and mouse. In particular, during zebrafish intersomitic 
vessel assembly FGF signalling was shown to influence vessel integrity to a 
considerable extent, and vessel guidance and outgrowth to a moderate extent. In 
this system, FGF signalling was proposed to function primarily by ensuring the 
formation of proper cell-cell junctions between endothelial cells, while also 
displaying a certain inductive control over vessel sprouting (De Smet et al., 2014). 
A role for FGF signalling in intersomitic vessel development was also observed in 
cultured mouse embryos expressing a dominant-negative form of FGFR1 in 
endothelial cells. These authors report that targeted inhibition of FGF signalling 
leads to incomplete intersomitic vessel formation, defects in yolk sack vasculature 
assembly, and heart septation (Lee et al., 2000). Furthermore, combined 
inactivation of the mouse FGFR1 and FGFR2 receptors in endothelial cells brought 
about defects in coronary vessel formation (Lavine et al., 2006). 
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Transgenic mice overexpressing a truncated form of the FGFR1 specifically in the 
developing eye, also display vascularization defects. In particular, transgene 
activation lead to an inhibition of angiogenesis in a superficial layer of the retinal 
vasculature, termed choroidal vasculature. Furthermore, these authors observed 
defects in the assembly of the inner layer of retinal vessels which begins to develop 
at birth in mice (Rousseau et al., 2003).  
Lastly, studies done in chick have identified the FGF2 ligand as an important 
stimulator of angiogenesis in the chorioallantoic membrane, with this 
extraembryonic membrane constituting an important gas exchange surface during 
avian development (Ribatti and Presta, 2002). 
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I.2 POST-TRANSCRIPTIONAL REGULATION IN EMBRYONIC 
DEVELOPMENT 
 
Embryonic development is a highly regulated process both spatially and temporally, 
with many of the genes that coordinate embryogenesis being expressed for short 
periods of time and/or in well-defined spatial domains. These patterns of gene 
expression are not only required to specify cellular identities but also to direct the 
complex morphogenetic processes that potentiate the formation of a multicellular 
organism. Precise control over gene expression patterns is often achieved through 
the regulation of the multiple steps in the pathway from RNA to protein. 
The regulation of gene expression at the RNA level, between the initiation of 
transcription and the translated protein phase, is typically referred to as post-
transcriptional regulation, and encompasses different mechanisms. These 
mechanisms include alternative RNA splice-site selection, control of 5’-capping, 
control of 3’-end formation by cleavage and polyadenylation, RNA editing, control of 
mRNA transport from the nucleus to the cytosol, localization of mRNA to specific 
sub-cellular regions, control of translation efficiency and regulation of mRNA 
stability. Among these mechanisms, splice-site selection, control of 5’-capping and 
control of 3’-end formation, generally take place concomitantly with the transcription 
process and are thus specifically referred to as co-transcriptional regulation 
mechanisms (Fig. I.3) (Alberts, 2002). 
The importance of post-transcriptional regulation mechanisms to the developing 
embryo is evident in key developmental processes such as vertebrate segmentation 
and Drosophila axis establishment. As previously noted, the process of vertebrate 
segmentation, or somitogenesis, is governed by two mechanisms – a molecular 
clock and a wavefront of differentiation – both of which are thought to rely on a tight 
post-transcriptional control of mRNA stability (Section I.1.1.2) (Hubaud and 
Pourquié, 2014, Cooke and Zeeman, 1976). In particular, the clock is composed of 
cyclically expressed genes, with current models postulating that these genes need 
to be unstable at the mRNA level to produce sustained transcriptional oscillations 
(Lewis, 2003). Conversely, the establishment of the wavefront of differentiation was 
show to partially rely on an FGF8 gradient which is produced by the slow 
degradation of the Fgf8 mRNA (Dubrulle and Pourquié, 2004). In Drosophila, 
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extensive research has shown that during the early stages of development, 
asymmetric protein expression and mRNA localization are critical to the 
establishment of the Anterior-Posterior and Dorsal-Ventral axis. These axis 
specification events are mediated by several patterning genes, such as Hunchback, 
Nanos, Oskar, Caudal and Bicoid. The expression of these genes in precise spatial 
and temporal patterns is primarily achieved through post-transcriptional 
mechanisms, particularly the regulation of translation efficiency and mRNA 
localization (Kuersten and Goodwin, 2003, de Moor et al., 2005, Colegrove-Otero 
et al., 2005). 
 
 
Fig. I.3 – Gene expression regulation at the post-transcriptional level. Illustration of the 
different steps in the pathway from transcription to protein which can be subjected to post-
transcriptional regulation. The pre-RNA processing mechanisms highlighted in blue 
generally take place concomitantly with the transcription process and thus their regulation 
can be referred to as co-transcriptional. 
 
A large majority of post-transcriptional regulation mechanisms involve the 
recognition of specific sequence or structural motifs in the RNA molecule under 
regulation, by either regulatory proteins or regulatory RNAs. These regulatory motifs 
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are often found in the untranslated regions (UTRs) of the mRNA molecules, with the 
3’UTRs in particular, frequently displaying important roles in different forms of post-
transcriptional regulation. Furthermore, these regulatory proteins, also referred to 
as RNA binding proteins (RBP), have long been recognized as important regulators 
of embryogenesis, with their functions being especially critical during the earliest 
stages of development (Matoulkova et al., 2012, Colegrove-Otero et al., 2005). 
The next sections will focus on 3’UTR-mediated and RBP-mediated post-
transcriptional regulation of gene expression in the developing embryo, with a 
special emphasis on a specific co-transcriptional mechanism of gene expression 
regulation – alternative polyadenylation – and a specific family of RBPs – the Signal 
Transduction and Activation of RNA (STAR) protein family.  
 
I.2.1 The 3’UTRs 
 
The untranslated regions of the mRNA molecule have long been associated with 
gene expression regulation at the post-transcriptional level, and 3’UTR sequences 
in particular, are notably conserved among vertebrates. Although 3’UTRs are 
generally less conserved than protein coding regions, their degree of conservation 
supersedes that of other non-coding regions, such as promoters, introns and 
5’UTRs (Matoulkova et al., 2012, Duret et al., 1993). 
As previously stated, post-transcriptional regulation events are often mediated by 
elements located in the 3'UTRs. However, unlike DNA-based regulatory elements 
which operate through their primary structure, RNA-based regulatory motifs can 
exert their regulatory activity either through their primary structure, their secondary 
structure, or through a combination of both. These sequence and structural 
elements in the 3’UTRs have been shown to influence mRNA stability, transport and 
translation efficiency primarily through interactions with regulatory RNAs and RBPs 
(Fig. I.4a) (Matoulkova et al., 2012).  
The most widely recognized group of regulatory RNAs to function in this context is 
a class of noncoding RNAs termed microRNAs (miRs). As the name suggests 
microRNAs are small RNA molecules that bind to short sequence motifs (6–8 
nucleotides) known as miR binding sites (Matoulkova et al., 2012, Fabian et al., 
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2010). miR-3’UTR interactions typically lead to an inhibition of protein production, 
with miRs functioning either by blocking translation or by inducing mRNA 
degradation (Fig. I.4a) (Matoulkova et al., 2012, Fabian et al., 2010). 
Interactions between 3’UTRs and RBPs are typically mediated by regulatory motifs 
in the 3’UTR termed RPB binding sites, with the sequence and structural features 
of these binding sites varying considerably between RBPs. RBP-3’UTR interactions 
can bring about either a stimulation or an inhibition of protein production, with 
different RBPs exerting different effects over mRNA stability and translation 
efficiency, in a context-dependent manner (Matoulkova et al., 2012, Glisovic et al., 
2008). Furthermore, RBP-3’UTR interactions can facilitate mRNA transport and thus 
enable transcript localization to the correct subcellular compartment (Fig. I.4a) 
(Eliscovich et al., 2013). 
 
 
Fig. I.4 – The 3′ untranslated region (3′UTR) and associated mechanisms of post-
transcriptional regulation. (a) 3′UTRs contribute to gene expression regulation via 
multiple mechanisms, two of which are illustrated: microRNA binding and RNA-binding 
protein (RBP) binding. MicroRNAs typically interact with microRNA binding sites in the 
3′UTR to either block translation or promote mRNA degradation. RBPs interact with RBP 
binding sites in the 3′UTR and regulate mRNA translation, turnover and/or transport. (b) 
Alternative Polyadenylation (APA) is a regulatory mechanism that takes place when multiple 
alternative polyadenylation signals (PAS) are present. APA in the 3’UTR determines the 
length of the 3′UTR, and consequently, dictates the number and type of regulatory motifs 
(e.g. microRNA and RBP binding sites) that are available to regulate transcript expression.  
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Lastly, 3’UTRs have been implicated in membrane protein localization through the 
formation of scaffolds and have been proposed to function during the termination of 
translation to stabilize the ribosomal complexes and support ribosome recycling 
(Berkovits and Mayr, 2015, Pánek et al., 2016). 
 
I.2.1.1 Alternative polyadenylation 
 
An additional level of complexity associated with post-transcriptional regulation ties 
in with the fact that a considerable number of genes give rise to mRNAs with 
alternative 3’UTRs (alt3’UTRs), through a process termed alternative 
polyadenylation (APA) (Fig. I.4b). 
The mRNA polyadenylation process is generally concomitant with transcription and 
is triggered by a sequence motif termed polyadenylation signal (PAS). The 
recognition of this signal by the polyadenylation machinery leads to the 
endonucleolytic cleavage of the precursor mRNA in the polyadenylation site, located 
10-30 nucleotides downstream of the polyadenylation signal, and subsequent 
addition of the polyA tail. Alternative polyadenylation occurs when more than one 
PAS is present. In most cases these alternative PASs are located in the 3’UTR, with 
3’UTR-APA therefore leading to the production of alternative transcripts which differ 
exclusively in the length of their 3'UTRs. These 3’UTRs are naturally referred to as 
alternative 3’UTRs (Fig. I.4b) (Chen et al., 2017a, Tian and Manley, 2017, Tian et 
al., 2005). 
Therefore, the selection of alternative PASs determines the sequence content of the 
3’UTR and thus the landscape of regulatory motifs in the mRNA that are available 
to interact with miRs and RBPs. Since longer 3’UTRs tend to have additional 
regulatory motifs, their regulatory potential is greater than that of shorter 3’UTRs, 
and thus APA can have a substantial impact on gene expression (Fig. I.4b) (Chen 
et al., 2017a, Tian and Manley, 2017). 
Furthermore, APA has recently been appreciated as highly conserved and 
widespread mechanism of gene expression regulation, with approximately half of 
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protein coding genes in the human, mouse, zebrafish, Drosophila and C. elegans 
producing alternative 3′UTRs through APA (Tian et al., 2005, Shepard et al., 2011, 
Lianoglou et al., 2013, Smibert et al., 2012, Jan et al., 2011, Mangone et al., 2010, 
Ulitsky et al., 2012, Li et al., 2012).  
 
I.2.1.2 APA dynamics during embryonic development   
 
The prevalence of APA is particularly noteworthy during embryonic development, 
as shown in several large-scale studies conducted in zebrafish, mouse and 
Drosophila. Moreover, these studies revealed that alternative PAS selection can be 
regulated in both a tissue dependent and a developmental stage dependent 
manner. 
For instance, during zebrafish development, two studies have shown that between 
43% and 55% of expressed protein coding genes display alternative 3’UTRs. 
Furthermore, average alt3’UTR lengths tend to be shorter during early development, 
specifically during the cleavage period, and subsequently undergo a pronounced 
lengthening after 4 hours post fertilization (hpf), during the blastula stages. This 
3’UTR lengthening event was correlated with a potential role for APA during the 
maternal to zygotic transition (MZT) (Li et al., 2012, Ulitsky et al., 2012). 
Furthermore, 3’UTR lengthening appears to continue during the gastrula period and 
for the duration of embryonic development. The authors also report that two families 
of regulatory sequence elements, namely miR-430 target sites and U-Rich 
elements, are enriched in the 3’UTRs of genes that undergo these shifts in 3’UTR 
length, in a stage specific manner (Li et al., 2012). Overall these studies point to a 
role for APA in a stage specific modulation of the post-transcriptional mechanisms 
that affect gene expression. 
Similar findings were reported in the mouse, with murine genes displaying a 
progressive 3’UTRs lengthening trend that accompanies the entire course of 
embryonic development. Furthermore, these authors observed that the 3’UTR 
lengthening trend is not only observable at the whole embryo level, but also at a 
tissue specific level. In particular, mRNAs expressed in murine brain tissues tend to 
have progressively longer 3’UTRs throughout embryonic and post-natal 
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developmental stages (Ji et al., 2009). Indeed, subsequent studies have shown that 
several mouse genes produce transcripts with longer 3’UTRs specifically in the 
developing and adult brain (Miura et al., 2013). The selective expression of these 
extended 3’UTR sequences in neural tissues is highly indicative of a potential role 
for APA in brain development. 
Studies in Drosophila have further substantiated a potential role for APA in neural 
development. Consistently with the observations made in mouse and zebrafish, 
Drosophila embryogenesis also appears to be accompanied by a progressive 3’UTR 
lengthening trend. However, in Drosophila it has been shown that a substantial 
component of this lengthening trend consists of the tissue-specific extension of 
3’UTRs in the nervous system (Sanfilippo et al., 2017, Hilgers et al., 2011, Smibert 
et al., 2012). 
The mechanisms responsible for the production of these neural-specific alt3’UTRs 
have not been fully characterized, however, the Drosophila pan-neuronal RBP 
ELAV (embryonic lethal abnormal visual system) was identified as an important 
factor in the regulation of neural-specific APA (Hilgers et al., 2012). In addition, the 
specific implications of neuronal APA to gene expression also require further 
elucidation. However, one way in which these neural-specific UTRs could function 
is illustrated by the Drosophila Ultrabithorax gene. The longer neural-specific 
alt3’UTR of the Ultrabithorax gene contains an additional set of miR target sites, 
when compared to the shorter alt3’UTR. Therefore, in this case 3’UTR APA was 
proposed function by regulating target mRNA visibility to miRs according to 
developmental context (Thomsen et al., 2010). 
 
I.2.1.3 Importance of APA to embryonic development   
 
Despite the prevalence of 3’UTR APA in the developing embryo the specific 
functional implications of this co-transcriptional regulation mechanism to the 
different aspects of embryonic development remain largely unknown. Most of the 
studies conducted so far on this issue have focused on the developmental impact 
of interfering with the expression or activity of proteins that are involved in the APA 
process. 
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For instance, in mouse, the transcription factor NKX2-5 was shown to control the 
3’UTR length of a set of genes involved in cardiac development. This transcription 
factor, which had previously been identified as a coordinator of the transcriptional 
networks involved in heart development, was proposed to function in APA as well, 
through an interaction with the exonuclease XRN2. Simultaneous suppression of 
NKX2-5 and XRN2 activity was shown to bring about defects in cardiac 
development. Therefore, the function of NKX2-5 as an APA regulator, and the 
control of 3’UTR length in this context, was proposed to play a significant role in 
heart development (Nimura et al., 2016). 
Furthermore, repression of the RBPs MBNL1 and MBNL2 (Muscleblind-like1 and 2) 
has been associated with the development of congenital myotonic dystrophy. These 
proteins have been implicated in several aspects of RNA processing, including 
alternative splicing and mRNA transport, and were recently shown to mediate the 
regulation of thousands of alternative polyadenylation events during embryonic 
development (Batra et al., 2014, Thomas et al., 2017). These studies highlight the 
importance of understanding the dynamics of pre-RNA processing and APA that 
take place during embryonic development. 
In addition, the medaka recessive homozygous embryonic lethal mutation naruto 
was shown to interfere with the expression of the Cleavage and Polyadenylation 
Specificity Factor subunit 6 (Cpsf6). The Cpsf6 is a component of the Cleavage 
Factor Im complex which plays a key role in pre-RNA 3’ cleavage and 
polyadenylation, and importantly, Cpsf6 appears to contribute to the regulation of 
PAS selection for several genes. The naruto mutant embryos display gross 
morphological abnormalities, including defects in primordial germ cell migration, 
enlarged brain ventricles, curved trunks, enlarged pericardial spaces, thin hearts, 
compromised blood circulation and homozygous embryos die before hatching. 
Whether or not the functions of Cpsf6 as an APA regulator are tissue or 
developmental stage specific remains to be clarified. Furthermore, the full scope of 
genes that present APA defects in these mutants, and their contributions to the 
naruto mutant’s morphological defects, require further elucidation (Sasado et al., 
2017). Much like the previous studies, the naruto mutant highlights the importance 
of APA regulation to the progression of embryonic development. 
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However, the previous studies fail to address the particular roles of individual gene-
specific alternative 3’UTRs formed through APA, and their overall importance to 
embryonic development.  
To the extent of my knowledge, the only study to address the phenotypic impact of 
gene-specific 3’UTR APA in a developmental context was conducted by Pinto et al., 
2011. In this study the authors focused on the Drosophila cell-cycle gene polo, which 
produces two alt3’UTRs through APA. In flies carrying a deletion of one of the polo 
polyadenylation signals, polo protein expression is compromised. As a result, the 
authors observed defects in the proliferation of the precursor cells of the abdominal 
epidermis during the metamorphosis stage. In particular, these cells – termed 
histoblasts – are correctly formed in mutants during embryogenesis and develop 
normally until the larvae stage, with proper polo APA being especially required for 
normal Drosophila development and survival beyond the late third instar larval stage 
(Pinto et al., 2011). 
Importantly, the formation of alt3’UTRs through APA has been reported for a 
multitude of additional genes, including genes known to function as major regulators 
of embryonic development. For instance, the Fgf8 genes are among the most 
extensively studied ligands of the FGF signalling pathway, and their functions 
throughout development are extensive (Section I.1.3) (Pownall and Isaacs, 2010). 
Evidence that the post-transcriptional regulation of the Fgf8 genes has a critical role 
during development comes from the observation that, in chick and mouse embryos, 
Fgf8 mRNA stability is crucial for the establishment of a signalling gradient required 
for somite formation (Section I.1.1.2.2) (Dubrulle and Pourquié, 2004, Dubrulle et 
al., 2001). For the zebrafish Fgf8 orthologue – the fgf8a gene – seven distinct 
alt3’UTRs have been reported, a number paralleled only by fgf12b among the other 
32 Fgf ligands of the fish (Ulitsky et al., 2012, You et al., 2015). However, the post-
transcriptional regulation events mediated by these fgf8a alt3’UTRs and their 
functional importance to different aspects of embryonic development have, thus far, 
remained unaddressed. 
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I.2.2 RNA binding proteins 
 
RNA binding proteins (RBPs) have a central role in the post-transcriptional 
regulation of gene expression. As previously noted, RBPs typically interact with 
specific sequence and/or structural motifs in the mRNA molecule, which are often 
located in the 5’ or 3’ UTRs (Glisovic et al., 2008). 
The interactions between RBPs and mRNAs can have a variety of regulatory 
outcomes. During mRNA biogenesis alternative splicing, polyadenylation, mRNA 
export to the cytoplasm and the subcellular localization of the mRNA are all 
processes which critically rely on RBPs. Furthermore, RBPs can function as 
regulators of mRNA stability, by either triggering the recruitment of the mRNA 
degradation machinery or by protecting the mRNA molecule from it. RBPs can also 
affect gene expression by interfering with the translation initiation process, thus 
regulating the efficiency of protein production. The interaction of an RBP with an 
mRNA molecule can also function by promoting or hindering additional interactions 
between the mRNA molecule and other regulatory factors. Lastly, several RBPs can 
recognize and interact with different regions of their target mRNA molecules, and 
thus contribute to more than one mechanism of post-transcriptional regulation 
(Glisovic et al., 2008). 
The importance of RBPs to embryonic development is particularly noteworthy during 
the earliest stages of embryogenesis, specifically throughout the cleavage phase, 
prior to zygotic genome activation. During this phase, development is almost entirely 
reliant on maternal mRNAs and proteins. Therefore, the regulation of maternal 
mRNA translation and cellular localization is critical to the progression of 
development, with numerous RBP families having been implicated in these 
regulatory events (Colegrove-Otero et al., 2005). However, the importance of RBP-
mediated post-transcriptional regulation to later stages of embryonic development, 
has only began to garner attention in recent years. 
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I.2.2.1 The STAR protein family 
 
The Signal Transduction and Activation of RNA (STAR) protein family, also known 
as the GSG (GRP33, SAM68 and GLD-1) protein family, is one of the few families 
of RBPs that has been implicated in several aspects of post-MZT embryonic 
development. These include mesoderm invagination and spreading, muscle fiber 
maturation, cardiac tube formation, cardiovascular development and visceral 
endoderm function (Volk and Artzt, 2010, Lobbardi et al., 2011).  
Members of the STAR family have been identified in various eukaryotes including 
zebrafish, worms, flies and mice. The STAR family can be divided into three 
subfamilies: Sam68 related proteins, SF-1 (Splicing Factor 1) related proteins and 
Quaking related proteins. The most well studied STAR proteins are members of the 
Quaking-related subfamily, specifically the murine Quaking, the Drosophila HOW 
(Held Out Wing) and the C. elegans GLD-1 (defective in Germ Line Development) 
proteins (Fig. I.5a) (Biedermann et al., 2010).  
The characteristic feature of the STAR family is a highly conserved domain of 
approximately 200 amino acids. This domain typically consists of a maxi-KH RNA 
binding domain and two flanking QUA domains (QUA1 and QUA2). The only 
exception to this domain organization is SF-1, which lacks the QUA1 domain (Fig. 
I.5b) (Liu et al., 2001). The specific functions of these domains, especially the QUA2 
domain, present a certain variability between STAR family members and still require 
further characterization (Teplova et al., 2013, Feracci et al., 2016, Chen et al., 1997). 
Nonetheless, in the majority of STAR proteins, the QUA1 domain appears to 
contribute primarily to protein dimerization, while the KH and QUA2 domains appear 
to contribute primarily to RNA binding (Fig. I.5b) (Beuck et al., 2010, Beuck et al., 
2012, Teplova et al., 2013, Chen and Richard, 1998, Ryder et al., 2004, Meyer et 
al., 2010, Feracci et al., 2016, Liu et al., 2001, Chen et al., 1997, Lin et al., 1997, 
Daubner et al., 2014).  
40 
 
 
Fig. I.5 – The STAR protein family and the STAR domain.  
(a) Phylogenetic tree of the STAR protein family. This family can be subdivided into three 
subfamilies SF-1, Sam68 and Quaking-related. The best characterized Quaking-related 
proteins (worm GLD-1, fly HOW and murine Quaking) are highlighted in red. Scale: relative 
distance; H.s, Homo sapiens; M.m, Mus musculus; X.l, Xenopus laevis; D.r, Danio rerio; 
D.m, Drosophila melanogaster; C.e, Caenorhabditis elegans; A.t, Arabidopsis thaliana. 
(adapted from (Biedermann et al., 2010)). (b) STAR domain structure for the STAR family 
members GLD-1, HOW, QKI, Sam68 and SF-1. The STAR domain typically consists of a 
maxi-KH RNA binding domain and two flanking QUA domains (QUA1 and QUA2). An 
exception to this organization is found in SF-1, which lacks a QUA1 domain. For most STAR 
proteins, the QUA1 domain (orange) contributes primarily to protein dimerization, and the 
KH and QUA2 domains (blue) contribute primarily to RNA binding. The approximate limits 
of each domain are denoted. Other notable domains are illustrated in gray (adapted from 
(Ryder and Massi, 2010)). 
(a)
(b)
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The mammalian Quaking proteins are thought to function primarily as homodimers, 
and several other STAR proteins appear to form homodimers as well (Chen and 
Richard, 1998, Beuck et al., 2012, Teplova et al., 2013, Chen et al., 1997). However, 
these proteins also have the capacity to form heterodimers. For instance, in mouse, 
the different splicing isoforms of the Quaking I gene, named QKI-5, QKI-6 and QKI-
7 have been shown to associate with each other (Wu et al., 1999). Furthermore, the 
STAR proteins QKI and GLD-1 have the capacity to interact with one another, with 
the same being true for the GRP33 and Sam68 proteins (Chen et al., 1997). The 
Sam68 protein, in particular, appears to be especially prone to form heterodimers 
and hetero-multimers, with both STAR family members and several proteins 
involved in signal transduction (Di Fruscio et al., 1999, Najib et al., 2005). Lastly, the 
SF-1 and BBP1 (branchpoint binding protein 1) proteins appear to establish 
interactions with several proteins involved in spliceosome assembly (Rymond, 
2010).  
Regarding the RNA binding specificity of the STAR proteins, specific consensus 
binding sequences vary between individual STAR family members. However, the 
majority of the STAR proteins studied to date require, at minimum, the presence of 
an hexameric consensus sequence to bind the RNA molecule with high-affinity. For 
certain STAR proteins, the presence of an additional partial or full consensus 
sequence, either upstream or downstream of the core binding site, was proposed to 
provide a further contribution to high-affinity binding. A possible explanation for 
these bipartite binding sites is that two binding sequences may allow for both 
protomers of the STAR dimer to interact with the RNA molecule. The majority of 
STAR family proteins do not appear to exhibit secondary structure binding 
requirements, with the exception of the Drosophila HOW protein which was shown 
to bind a consensus sequence embedded within a loop secondary structure (Table 
I.1) (Feracci et al., 2014). 
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Table I.1 – Consensus binding sequences of STAR family proteins. Overview of the 
consensus RNA binding sequences reported for members of the STAR family. 
 
 
I.2.2.1.1 Functions of STAR proteins in post-transcriptional regulation 
 
The molecular functions of STAR proteins in post-transcriptional regulation are 
remarkably diverse, with STAR proteins having been implicated in alternative 
splicing, mRNA transport and localization, mRNA stability and translation efficiency 
(Volk and Artzt, 2010). 
For instance, the mouse Quaking I proteins have been implicated in the regulation 
of multiple steps of mRNA metabolism in connection with brain development and 
myelination. The QKI-5 protein was shown to affect the splicing of the myelin-
associated glycoprotein Mag (Wu et al., 2002). Furthermore, the QKI proteins have 
been associated with the regulation of the nuclear retention of the myelin basic 
protein (Mbp) mRNA and its transport to the myelinating membranes (Li et al., 2000, 
Larocque et al., 2002). A role was also proposed for QKI in the stabilization of the 
Mbp mRNA through an interaction with a QKI RNA-binding element (also known as 
a Quaking Response Element (QRE)) found in the Mbp 3’UTR (Zhang and Feng, 
2001, Li et al., 2000). Additional targets of QKI-mediated mRNA stabilization include 
the Cyclin-dependent kinase (CDK)-inhibitor 1 (p27Kip1) and the Microtubule-
Protein Consensus Reported by 
QKI 5’-NA(A>C)U(A>>C)A-3’  (Ryder and Williamson, 2004) 
5’-NACUAA(C/U)-3’  
(core site) spacer:1-20nts 
5’-UAA(C/U)-3’ 
(half site) 
 (Galarneau and Richard, 2005) 
 (Hafner et al., 2010) 
GLD-1 5’-UACU(C/A)A-3’  (conservative) 
5’-(U>G>C/A)A(C>A)U(C/A>U)A-3’ (relaxed) 
 (Ryder et al., 2004) 
5’-UACU(C/A)A-3’  
(core site) 
5’- UAAU-3’  
(half site) 
 (Galarneau and Richard, 2009) 
HOW 5’-NA(C>A)UAA-3’  
(embedded within a loop secondary structure) 
 (Israeli et al., 2007) 
Sam68 5’-UAAA-3'  (Lin et al., 1997) 
5’-U(U/A)AA-3’ repeats  (Galarneau and Richard, 2009) 
SLM-2 5’-U(U/A)AA-3’ repeats, spacer: 3-25nts  (Galarneau and Richard, 2009) 
BBP, SF-1 5’-UACUAAC-3’  (Berglund et al., 1997) 
SF-1 5’-UACUAAC-3’  (Peled-Zehavi et al., 2001) 
 (Liu et al., 2001) 
ASD-2 5’-UA(A>C)U(A>>C)A-3’  (Carmel et al., 2010) 
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associated protein 1B (Map1b), which have been implicated in oligodendroglia 
development (Larocque et al., 2005, Zhao et al., 2006, Artzt and Wu, 2010). 
A role for STAR proteins in the regulation of translation efficiency was first 
uncovered in C. elegans, when the GLD-1 protein was shown to function as a 
translational repressor of the sex determination gene tra-2, through an interaction 
with the tra-2 3’UTR (Jan et al., 1999). Later studies revealed that a similar 
mechanism is present in mouse, with the QKI-6 protein functioning as a translational 
repressor of the tra-1 homologue Gli1 (Lakiza et al., 2005, Saccomanno et al., 1999, 
Artzt and Wu, 2010).  
As previously noted, the mouse Quaking I gene gives rise to different proteins 
formed through alternative splicing, with the most well studied being QKI-5, QKI-6 
and QKI-7, which differ only in their C-terminal domains. Similarly, the Drosophila 
HOW gene also produces at least two splicing isoforms, termed HOW(L) and 
HOW(S), with differing C-terminal domains (Nabel-Rosen et al., 1999, Kondo et al., 
1999). The HOW(L) and HOW(S) proteins are particularly noteworthy because they 
have been shown to mediate opposite forms of gene expression regulation, when 
interacting with the same 3’UTR sequence. In particular, during Drosophila tendon 
cell differentiation, the HOW proteins function by regulating the expression of two 
splicing isoforms of the Stripe gene, StripeA and StripeB, which are key factors in 
tendon cell specification and differentiation (Frommer et al., 1996, Volk, 1999). In 
immature tendon cells StripeB activates the expression of HOW(L), which in turn 
binds to the Stripe 3’UTR and promotes its degradation. This negative feedback 
loop is thought to ensure a reduced expression of StripeB in tendon precursors 
which contributes to the maintenance of the immature state (Nabel-Rosen et al., 
1999, Nabel-Rosen et al., 2002). Conversely the HOW(S) protein was shown to 
function both by promoting the splicing of the StripeA isoform, and by binding the 
Stripe 3’UTR and protecting the mRNA from degradation. This regulation is thought 
to lead to a stimulation of StripeA expression which contributes to tendon cell 
maturation (Volohonsky et al., 2007, Nabel-Rosen et al., 2002). Therefore, the 
progression of Drosophila tendon cell differentiation appears to rely on a balance 
between the relative amounts of the repressor isoform, HOW(L), and the activator 
isoform, HOW(S). A similar regulatory mechanism was also proposed for the QKI-
mediated regulation of Krox20 expression in Schwann cells, with the QKI-5 isoform 
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functioning as the repressor isoform and the QKI-6 and QKI-7 isoforms functioning 
as the activator isoforms, in this context (Nabel-Rosen et al., 2002). 
 
I.2.2.1.2 Functions of STAR proteins in development 
 
STAR proteins are widely expressed during embryogenesis and have been shown 
to function in various developmental processes. A great deal of what is currently 
known about STAR protein functions came from the study of several spontaneous 
mutations, N-ethyl-N-nitrosourea (ENU)-induced point mutations and knockout 
alleles of the mouse Quaking I gene.  
The viable alleles of QKI have revealed a critical role for this protein in nervous 
system development and function. In particular, QKI appears to be required for 
myelination in both the central and peripheral nervous systems. In this context, QKI 
has been implicated in the proliferation, differentiation and maturation of 
oligodendrocyte progenitor cells and Schwann cells, which are responsible for 
myelin formation, as well as in the actual ensheathment of axons by the specialized 
myelin membrane (Ehrmann et al., 2016, Bockbrader and Feng, 2008, Volk and 
Artzt, 2010).  
However, from a developmental standpoint, the QKI ENU-induced alleles and 
knockout allele have proven more informative. Specifically, the diverse range of 
phenotypes observed using these alleles include impaired vascular development, 
heart defects, abnormal somites, disorganized anterior-posterior axis, defects in 
neural tube development, cranial abnormalities and defects in smooth muscle cell 
differentiation (Justice and Bode, 1988, Cox et al., 1999, Li et al., 2003b, Noveroske 
et al., 2002, Bohnsack et al., 2006, Justice and Hirschi, 2010).  
 
I.2.2.1.2.1 STAR proteins in cardiovascular development 
 
During embryogenesis STAR proteins, and the mouse QKI protein in particular, 
have been shown to function as critical regulators of cardiovascular development. 
The importance of QKI to cardiovascular development is best illustrated in the 
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mouse ENU-induced point mutations, qkl-1 and qkk2 and the qkI knockout deletion 
allele, as these alleles when homozygous, cause embryonic death at mid gestation 
from apparent cardiovascular failure (Noveroske et al., 2002, Bohnsack et al., 2006, 
Li et al., 2003b, Justice and Hirschi, 2010). 
To a considerable extent, the vascular insufficiency observed under QKI depletion 
appears to stem from defects in yolk sac and embryonic vascular remodelling. 
These defects have been partially attributed to compromised visceral endoderm 
function. The visceral endoderm of the extraembryonic yolk sac is required for the 
production of junctional proteins, serum proteins, metabolic enzymes and growth 
factors that modulate vascular development (Bohnsack and Hirschi, 2004). QKI 
appears to function in this context by regulating visceral endoderm function through 
the modulation of local retinoic acid synthesis and the subsequent control of 
endothelial cell proliferation, matrix production, and visceral endoderm survival 
(Bohnsack et al., 2006). In addition, QKI was proposed to promote vascular 
remodelling by controlling the recruitment and/or differentiation of smooth muscle 
cells, which are required for the stabilization of the blood vessel structures and 
modulation of their functions (Li et al., 2003b). 
Furthermore, analysis of the QKI ENU and knockout alleles revealed morphological 
defects in the heart, specifically enlarged hearts, less compact hearts, pericardial 
effusion and defects in the outflow tract (Justice and Hirschi, 2010, Cox et al., 1999, 
Justice and Bode, 1988, Noveroske et al., 2002, Li et al., 2003b). Consistent with 
these observations, QKI5 protein expression was detected in the endocardium of 
the common atrium, outflow tract and sinus venosus of the developing mouse heart 
(Justice and Hirschi, 2010). However, the precise role of QKI in heart development 
requires further elucidation, especially considering that in qkk2 homozygous 
mutants, cardiac differentiation and myocardial contractile function do not appear to 
be compromised, despite the morphological abnormalities observed (Noveroske et 
al., 2002). 
A role for STAR proteins in heart development was also identified in Drosophila, 
with HOW mutant embryos displaying a reduced heart beat rate, weakened 
myocardial contractile function and defects in cardiac dorsal vessel morphology 
(Baehrecke, 1997, Zaffran et al., 1997). HOW has been shown to be part of the 
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genetic pathway that controls cardiac lumen formation during heart tube 
morphogenesis, together with the extracellular matrix protein Slit, its receptor 
Roundabout and Dystroglycan (Medioni et al., 2008). In addition, a recent study 
raised the possibility that HOW may also function in this context by modulating the 
expression of genes involved in muscle sarcomerization (Nir et al., 2012). 
Lastly, the zebrafish Quaking A (qkia), the Xenopus Quaking (Xqua) and the mouse 
Sam68 genes are expressed in the developing heart, however their potential 
contributions to cardiac development and function have not been assessed (Tanaka 
et al., 1997, Zorn and Krieg, 1997, Richard et al., 2005, Thisse et al., 2001). 
Taken together these studies indicate that STAR proteins are likely important 
contributors to both vascular development and heart development. However, the 
specific targets and functions of these proteins in heart development remain largely 
unknown, especially in vertebrate models.  
 
I.2.2.1.2.2 STAR proteins in mesoderm and muscle development  
 
In addition to the previously discussed importance of STAR proteins to cardiac 
development these proteins have also been implicated in several other aspects of 
mesoderm establishment and differentiation, including the formation of this germ 
layer during gastrulation, the formation of the somites and the differentiation of 
muscle cells.  
In the Drosophila gastrula, the HOW protein has a critical role in the morphogenetic 
processes underlying the formation of the mesoderm germ layer, with embryos 
lacking both maternal and zygotic HOW exhibiting defects in mesoderm invagination 
and spreading. During the mesoderm invagination process HOW was proposed to 
function by facilitating the mRNA turnover of the mitotic activator String (also known 
as Cell division control 25 (Cdc25)). This inhibition of String contributes to the 
temporary arrest of mesodermal cell divisions, which is required to ensure that the 
invagination process proceeds in a timely and synchronized manner (Nabel-Rosen 
et al., 2005, Grosshans and Wieschaus, 2000). During the subsequent mesoderm 
spreading process HOW was shown to function by inhibiting the stability of the 
mRNA of several genes, including falten, lap and miple1. The repression of miple1 
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expression in particular, is thought to contribute to correct mesoderm spreading by 
restricting the domain of MAPK activation to the most dorsal row of mesodermal 
cells (Toledano-Katchalski et al., 2007). 
The mouse QKI ENU mutant alleles also revealed an apparent role for QKI in somite 
formation. In particular, abnormal somites and the absence of somites have been 
reported in connection with the qkk2, qkkt1 and qkkt4 alleles (Justice and Bode, 1988, 
Cox et al., 1999).  In addition, the zebrafish qkia gene is expressed in the PSM and 
in the somites, however a potential involvement of this gene in PSM differentiation 
and somitogenesis has not been explored (Tanaka et al., 1997, Thisse et al., 2001). 
Taken together these observations argue in favour of a potential role for Quaking 
proteins in vertebrate somitogenesis, which requires further investigation. 
Lastly, studies in zebrafish, Drosophila and mouse have revealed a prominent 
contribution of STAR proteins to the process of somatic muscle development. In 
zebrafish, loss of qkia function leads to defects in fast muscle fiber maturation as 
well as HH-induced muscle derivative specification and morphogenesis. In this 
context Qkia was proposed to function, at least in part, by positively regulating gli2a 
expression through an interaction with the gli2a 3’UTR (Lobbardi et al., 2011). 
Furthermore, the zebrafish Qkia and Qkic proteins were shown regulate the early 
steps of myofibril assembly by interacting with the 3’UTR of tropomyosin-3 and 
promoting the accumulation of its mRNA (Bonnet et al., 2017). 
In Drosophila, the HOW protein has been implicated in the late stages of somatic 
muscle development. In particular, flies that lack HOW function present defects 
indicative of a function for this gene in myotube migration and/or myotube 
attachment to the epidermis, during both the embryogenesis and metamorphosis 
phases (Baehrecke, 1997, Zaffran et al., 1997). Additional studies revealed that 
HOW contributes to muscle sarcomerization, at least in part, by targeting the 
sallimus (kettin/D-titin, sls) gene in a phosphorylation-dependent manner (Schnorrer 
et al., 2010, Nir et al., 2012). 
Studies in cultured mouse myoblasts have also shown that QKI functions as a global 
regulator of splicing during myoblast differentiation. In this context, the splicing 
regulatory network of QKI overlaps considerably with that of the PTB (polypyrimidine 
tract-binding) protein, suggesting that these two regulators are critical players in 
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establishing the gene expression programs associated with muscle cell 
differentiation (Hall et al., 2013). 
In conclusion, STAR proteins appear to exhibit crucial roles in embryonic 
development, with these functions being particularly noteworthy in regard to the 
development of mesoderm derivatives. However, the full extent and mechanistic 
nature of these roles is still largely unknown, with potential functions for the Quaking 
proteins in developmental processes such as cardiac development and somite 
formation requiring further elucidation. 
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I.3 THE GOAL OF THIS THESIS 
 
Embryonic development is critically reliant on well-defined spatial and temporal 
gene expression patterns. Precise control of gene expression is often achieved 
through post-transcriptional regulation mechanisms, which are frequently mediated 
by RBPs and/or 3’UTR sequences. However, the specific functional impact of these 
post-transcriptional regulation mechanisms on the different processes that take 
place in the developing embryo still requires further investigation.   
In particular, the STAR RBPs appear to contribute to developmental processes such 
as cardiac development and somite formation however, the full extent and 
mechanistic aspects of these roles are still largely unknown (Section I.2.2.1.2). 
Furthermore, alternative 3’UTR production through APA is a remarkably prevalent 
phenomena during embryogenesis, with major developmental regulators such as 
the fgf8a gene producing several alternative 3’UTRs. However, the post-
transcriptional regulation events mediated by these fgf8a alt3’UTRs and their 
functional importance to different aspects of embryonic development have, thus far, 
remained unaddressed (Sections I.2.1.2 and I.2.1.3). 
The main goal of the present work was to investigate two specific facets of the post-
transcriptional regulation program that operates during embryogenesis, namely: 
• The roles of the zebrafish STAR protein Quaking A in the processes of somite 
formation and heart development. 
• The functions of the alternative 3’UTRs of the zebrafish fgf8a gene during 
embryogenesis. 
Our investigation of Quaking A involved both loss-of-function and gain-of-function 
approaches and a subsequent analysis of the resulting effects on the 
aforementioned developmental processes. As detailed in Chapter II, our results 
revealed an unexpected role for this RBP in the establishment of the laterality of the 
heart and visceral organs. 
As detailed in Chapter III, our assessment of the fgf8a alternative 3’UTRs functions 
was based on a morpholino-mediated interference with the APA process, which 
produced a temporally and spatially selective impact on the late development of the 
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anterior sensory system. Furthermore, this analysis led to the identification of a 
novel role for the Fgf signalling pathway in superficial retinal vascularization. 
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II CHAPTER II 
 
The RNA binding protein Quaking A is involved in the 
establishment of internal organ laterality 
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II.1 INTRODUCTION 
 
RNA binding proteins (RBPs) have a central role in the post-transcriptional 
regulation of gene expression. These proteins typically interact with specific 
sequence motifs in the mRNA, often located in the 5’ or 3’ untranslated regions 
(UTR), and can influence mRNA biogenesis, stability, translation, transport and 
cellular localization (Glisovic et al., 2008). 
The importance of RBPs to embryonic development is particularly remarkable 
during the cleavage phase, prior to zygotic genome activation. During this phase, 
development is almost entirely reliant on the regulation of maternal mRNA 
translation and cellular localization, with several RBPs having been identified as 
major regulators of these mechanisms (Colegrove-Otero et al., 2005). However, the 
importance of post-transcriptional regulation to later stages of development has only 
began to garner attention in recent years, with the contribution of RBPs to these 
later processes remaining poorly understood.  
The process of somite formation, in particular, is thought to be especially reliant on 
a tight post-transcriptional regulation of mRNA stability. Somite formation (also 
known as somitogenesis) is governed by two mechanisms – a molecular clock and 
a wavefront of differentiation (Dequéant and Pourquié, 2008). The clock is 
composed of cyclically expressed genes, with current models postulating that these 
genes need to be unstable at the mRNA level to produce sustained transcriptional 
oscillations (Lewis, 2003). Conversely, the wavefront is partially established by an 
FGF8 gradient, which stems from the slow degradation of the Fgf8 mRNA (Dubrulle 
and Pourquié, 2004). Nonetheless, little is known about the post-transcriptional 
mechanisms that operate during somitogenesis (Gallagher et al., 2017, Riley et al., 
2013, Wahi et al., 2017).  
One RBP family which could be involved in the post-transcriptional regulation of 
somitogenesis is the Signal Transduction and Activation of RNA (STAR) family. 
Members of this family have been implicated in mesoderm invagination and 
spreading in Drosophila, as well as somatic muscle development in zebrafish, 
Drosophila and mouse (Volk and Artzt, 2010, Lobbardi et al., 2011, Bonnet et al., 
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2017, Baehrecke, 1997, Zaffran et al., 1997, Hall et al., 2013). Furthermore, both 
abnormal somites and the absence of somites have been reported in connection 
with the qkk2, qkkt1 and qkkt4 mutant alleles of the mouse STAR family member 
Quaking I (QKI) (Justice and Bode, 1988, Cox et al., 1999). Lastly, the zebrafish 
QKI orthologue – quaking a (qkia) – is expressed in the presomitic mesoderm (PSM) 
and in the somites during somitogenesis stages, however a potential function for 
this gene in somite formation has not been addressed (Thisse et al., 2001). Taken 
together, these studies point to a potentially significant but as of yet unexplored role 
for STAR proteins in the post-transcriptional regulation of somite formation. 
In addition, several lines of evidence point to an important role for STAR family 
members, like the mouse QKI and the Drosophila HOW (Held Out Wing) proteins, 
in the development of another mesoderm derivative, the heart. In particular, mouse 
QKI mutants display morphological defects in the heart, namely enlarged hearts, 
less compact hearts, pericardial effusion and defects in the outflow tract  (Justice 
and Hirschi, 2010, Cox et al., 1999, Justice and Bode, 1988, Noveroske et al., 2002, 
Li et al., 2003b). Furthermore, Drosophila HOW mutant embryos display a reduced 
heart beat rate, weakened myocardial contractile function and defects in cardiac 
dorsal vessel morphology (Baehrecke, 1997, Zaffran et al., 1997). The HOW protein 
in particular, has been associated with the genetic pathway that controls cardiac 
lumen formation during heart tube morphogenesis, which could partially account for 
the observed mutant phenotypes (Medioni et al., 2008). Lastly, the mouse STAR 
protein Sam68, the zebrafish qkia gene and the Xenopus quaking (Xqua) gene are 
all expressed in the developing heart, however their contributions to cardiac 
development and function have not been assessed (Tanaka et al., 1997, Zorn and 
Krieg, 1997, Richard et al., 2005, Thisse et al., 2001). Overall, despite these strong 
indicators of an important role for STAR proteins in cardiac development, the 
specific targets and specific functions of these proteins in the process of cardiac 
morphogenesis remain largely unknown, especially in vertebrate models.  
In this chapter, we conducted a functional study of the zebrafish qkia gene, 
specifically focusing on a potential role for this gene in the processes of 
somitogenesis and heart development. It is important to note that the zebrafish qkia 
gene is expected to produce two protein isoforms– Qkia1 and Qkia2 – as a result of 
alternative splicing, however, their specific functions and individual expression 
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patterns remain to be elucidated (Lobbardi et al., 2011). In this study, we resorted 
to gain-of-function and loss-of-function approaches that target both isoforms. For 
purposes of discussion, these isoforms will be collectively referred to as the Qkia 
protein. 
Even though we found no clear evidence to support a role for qkia in the 
somitogenesis process, our results indicate that qkia appears to be involved in the 
establishment of posterior body morphology. In addition, we identified an 
unexpected function for qkia in heart development, namely in the establishment of 
heart tube laterality. Further analysis led to the observation that both Qkia depletion 
and overexpression potentiate a disruption of visceral organ laterality, which is 
strongly indicative of a role for this gene in the mechanisms of Left-Right patterning 
and internal organ laterality establishment. 
The current paradigm of organ laterality establishment postulates that this process 
is initiated by motile cilia present in the Kupffer’s Vesicle (KV). These cilia rotate in 
a counter-clockwise manner creating a leftward extracellular fluid flow that promotes 
a left-side specific activation of Nodal signalling. Asymmetric Nodal signalling in the 
KV functions as a laterality signal which is transmitted to the lateral plate mesoderm 
(LPM) and induces asymmetric Nodal signalling in the LPM. This in turn is thought 
to determine the correct lateral positions of the visceral and cardiac organs (Grimes 
and Burdine, 2017). Our results indicate that qkia is likely to function in this process 
at the level of laterality signal transmission from the KV to the LPM. 
As a post-transcriptional regulator, Qkia is expected to function in development by 
modulating the expression of its target transcripts. Therefore, we also sought to 
identify candidate targets of qkia, which could act as mediators of its roles in 
embryogenesis. In this context, we identified the adhesion molecule Cadherin 11 
(Cdh11), as a potential target of Qkia-mediated post-transcriptional regulation, with 
our results also indicating that cdh11 has a role in the establishment of organ 
laterality.  
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II.2 RESULTS  
 
II.2.1 qkia knockdown leads to defects in posterior body 
morphology 
 
To assess the functional importance of qkia to embryonic development we resorted 
to a translation blocking morpholino oligo (qkiaATG-MO). This morpholino is expected 
to induce a knockdown of both qkia splicing isoforms - qkia1 and qkia2 (Fig. 
II.M1a,b) and was co-injected into 1-cell stage wildtype embryos with a morpholino 
against p53 (p53MO) to counteract the pro-apoptotic effects of the qkiaATG-MO. 
To address a potential role for qkia in the somitogenesis process we began by 
analysing the effects of Qkia depletion on somite morphology through live imaging. 
In morphant embryos, we observed a mediolateral enlargement (29µm, equivalent 
to 29%, Fig. II.1a) and an anterior-posterior shortening (29µm, equivalent to 15%, 
Fig. II.1a) of the somites, relative to control embryos. These results indicate that the 
knockdown of qkia leads to a disruption of somite morphology. We next sought to 
determine if these morphological abnormalities were restricted to the somites, or 
rather reflected a more widespread disruption of the overall shape of the posterior 
body. To address this, we evaluated the impact of Qkia depletion on PSM 
morphology by performing triple Whole-Mount In Situ Hybridization (WISH) for the 
somite marker myoD, the wavefront marker mesp-ab and the tailbud progenitor 
marker tbx16 (Fig. II.1b). We observed that qkia morphants also displayed a 
mediolateral enlargement (87µm, equivalent to 28%, Fig. II.1b) and an anterior-
posterior shortening (46µm, equivalent to 13%, Fig. II.1b) of the PSM relative to 
control embryos. These results show that Qkia depletion does not lead to a somite-
specific phenotype, but instead leads to an overall disruption of the shape of the 
posterior body. This in turn indicates that qkia is likely to be involved in the 
morphogenetic processes that define the shape of the caudal region of the embryo. 
The morphogenetic events that define posterior body shape are thought to begin 
during the gastrulation phase, as a result of convergence and extension 
movements, and carry through into the somitogenesis phase via the process of 
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posterior body elongation (Yin et al., 2009, Kanki and Ho, 1997, Solnica-Krezel, 
2005). 
To determine if Qkia depletion disrupted the gastrulation process, we examined the 
position and shape of the prechordal plate relative to the anterior edge of the neural 
plate, and the length and width of the notochord, at bud stage. These features were 
assessed by performing WISHs for the notochord marker ta, the neural plate marker 
dlx3 and the prechordal plate marker ctslb (Fig. II.1c,d). We observed no clear 
difference in prechordal plate position or notochord morphology between qkia 
morphants and control embryos (Fig. II.1c,d.). Therefore, these results indicate that 
Qkia depletion does not disrupt convergence and extension, and consequently that 
the qkia gene is more likely to contribute to the establishment of posterior body 
shape by influencing the process of posterior body elongation. 
In conclusion, we found no clear evidence to support a specific role for qkia in the 
somitogenesis process, with our results indicating that qkia is more likely to function 
in the establishment of caudal morphology by contributing to posterior body 
elongation. 
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Fig. II.1 – qkia knockdown affects posterior body morphology. 
(a) Analysis of mediolateral and anterior-posterior somite size in live qkia morphants and 
control embryos at the 8 ss. Anterior-posterior measurements correspond to the combined 
length of somites 3 to 5 and mediolateral measurements correspond to the width of somite 
6, as illustrated. (b) Analysis of mediolateral and anterior-posterior PSM size in qkia 
morphants and control embryos following triple WISH for myoD, mesp-ab and tbx16 at the 
8 ss. Anterior-posterior measurements correspond to the distance between the anterior 
stripe of mesp-ab expression and the posterior edge of the notochord, identified through 
tbx16 and myod expression. Mediolateral measurements were performed at the posterior 
edge of the notochord, as illustrated. (a,b) Data shows mean size ± SEM. Statistical analysis 
was done using Student’s t-test (***p<0.001). (c) Triple WISH for ctslb, ta and dlx3 in bud 
stage qkia morphant and control embryos. Showing the position of the prechordal plate (pp), 
through ctslb expression, the anterior border of the neural plate (np), through dlx3 
expression, and the relative position of the notochord (nt), through ta expression. (d) WISH 
for ta in bud stage qkia morphant and control embryos, showing the width and length of the 
notochord.   
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II.2.2 qkia is involved in Left-Right patterning  
 
We next set out to determine if the qkia gene is involved in cardiac development, by 
conducting WISHs for the cardiac marker myl7 in qkia morphant embryos. 
Interestingly the results obtained were not indicative of defects in heart tube 
formation, but instead revealed a disruption of the lateral placement of the heart 
tube. In particular, in control conditions zebrafish heart tubes display a left jog at 30 
hpf and a dextral loop at 48 hpf, whereas in qkia morphants 57% of the embryos 
displayed unjogged hearts and 34% displayed unlooped hearts (Fig. II.2a,b,e,f). 
Similar looping defects were observed when using a previously described qkiat31954 
mutant line ((Lobbardi et al., 2011) and Fig. II.M1a,b), with 27% of homozygous qkia 
mutant embryos displaying unlooped hearts (Fig. II.2a,c). These results indicate that 
qkia is required for the establishment of cardiac laterality.  
To determine if this requirement for qkia in laterality establishment was restricted to 
the heart or extended to other asymmetric internal organs, the lateral positions of 
the liver and pancreas were evaluated in qkia morphants and control embryos, using 
a sox17:GFP transgenic line, which labels endoderm-derived organs. 
In qkia morphants we observed that the lateral positions of the liver and pancreas 
were reversed in a small percentage of embryos (19%), at 48 hpf. Specifically, the 
liver was positioned on the right side and the pancreas on the left, in contrast with 
the control situation where the liver was on the left and the pancreas on the right 
(Fig. II.2h,i). This phenotype was rescued by the co-microinjection of the qkiaATG-MO 
with in vitro synthesised RNA coding for the qkia2 isoform of the qkia gene (Fig. 
II.2h,j). These results indicate that qkia is also required for the establishment of liver 
and pancreas laterality.  
To determine if an overexpression of qkia would be sufficient to bring about laterality 
defects, we microinjected zebrafish embryos, at the 1-cell stage, with in vitro 
synthesised RNA coding for both Qkia splicing isoforms – qkia1 and qkia2 – and 
evaluated the resulting effects on organ laterality.  
In the qkia overexpression context, we observed the same heart tube laterality 
defects encountered in qkia morphants but in a lower percentage of embryos (7% 
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unlooped; 13% unjogged) (Fig. II.2a,d,e,g). In addition, following qkia 
overexpression the lateral positions of the liver and pancreas were affected in a 
similar manner to that observed in the morphant situation, with 14% of qkia 
overexpressing embryos displaying reversed liver and pancreas positions (Fig. 
II.2h,k). 
Taken together these results indicate that qkia is involved in the establishment of 
internal organ laterality, with both Qkia depletion and overexpression leading to 
laterality defects in the heart, liver and pancreas.  
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Fig. II.2 – qkia loss-of-function and gain-of-function affect organ laterality. 
(Figure legend on the next page) 
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Fig. II.2 – qkia loss-of-function and gain-of-function affect organ laterality. 
(a) Ventral views of representative embryos illustrating the different heart laterality 
phenotypes observed at 48 hpf after WISH for myl7.  (b-d) Quantification of the heart 
laterality phenotypes observed under (b) qkia knockdown conditions (qkiaATG-MO p53MO), (c) 
qkia mutant conditions (qkiat31954) and (d) qkia gain-of-function conditions (qkia1RNA 
qkia2RNA). The respective control conditions are indicated. (e) Dorsal views of 
representative embryos illustrating the different heart laterality phenotypes observed at 30 
hpf after WISH for myl7. (f,g) Quantification of the heart laterality phenotypes observed 
under (f) qkia knockdown conditions (qkiaATG-MO p53MO), (g) qkia gain-of-function conditions 
(qkia1RNA qkia2RNA). The respective control conditions are indicated. (h) Schematic 
representation of the different phenotypes observed regarding the laterality of the Liver (L) 
and Pancreas (P). Organ laterality was assessed in sox17:GFP embryos at 48 hpf. (i-k) 
Quantification of the liver and pancreas laterality phenotypes observed under (i) qkia 
knockdown conditions (qkiaATG-MO p53MO), (j) qkia knockdown rescue conditions (qkiaATG-MO 
p53MO qkia2RNA) and (k) qkia gain-of-function conditions (qkia1RNA qkia2RNA). The 
respective control conditions are indicated.  
 
To determine if the observed organ laterality defects derived from a disruption of 
asymmetric Nodal signalling, we analysed the expression of the Left-Right 
patterning genes spaw, pitx2 and dand5 in qkia morphants. Our results show that 
the majority of morphant embryos did not express the left side specific LPM gene 
pitx2 (54%), with an additional 11% displaying bilateral pitx2 expression and 15% 
expressing pitx2 on the right LPM (Fig. II.3a). In addition, spaw left side specific LPM 
expression was completely absent in the morphants, however spaw expression in 
the KV did not appear to be affected by qkia knockdown (Fig. II.3b). The expression 
of dand5 in the KV was mostly unaffected in qkia morphants which exhibited only a 
slight tendency for asymmetric left side expression, unlike control embryos which 
expressed dand5 primarily on the right side of the KV between the 8 and 10 somite 
stages (Fig. II.3c). These results indicate that Qkia depletion affects Left-Right 
patterning gene expression primarily in the LPM, with the establishment of early 
asymmetric cues in the KV being largely unaffected. 
In conclusion, our results indicate that qkia is involved in the establishment of liver, 
pancreas and heart laterality, and is likely to affect Left-Right patterning at the level 
of asymmetric signal transmission from the KV to the LPM.  
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Fig. II.3 – Expression of Left-Right patterning genes is affected in qkia morphants. 
(a) WISH analysis of pitx2 expression in the lateral plate mesoderm of 19 ss control and 
qkia morphant embryos. (b) WISH analysis of spaw expression in control and qkia morphant 
embryos, in the LPM at the 16 ss and in the KV at the 10 ss. (c) WISH analysis of dand5 
expression in the KV of control embryos and qkia morphants at the 5-6, 7, 8 and 9-10 somite 
stages.  
 
II.2.3 cdh11 - a candidate target of Qkia-mediated post-
transcriptional regulation  
 
To further dissect the role of qkia in embryonic development we set out to identify a 
candidate target of Qkia-mediated post-transcriptional regulation, which could act 
as a mediator of one or more of its developmental functions.  
The adhesion molecule Cdh11 was considered as a good candidate target of Qkia 
for the following reasons. Firstly, zebrafish cdh11 morphant embryos were reported 
to have somite morphology defects which resembled those observed in qkia 
morphants ((Clendenon et al., 2009) and Fig. II.1a). Secondly, the zebrafish cdh11 
gene has been implicated in the process of otolith formation in the developing inner 
ear ((Clendenon et al., 2009) and Fig. II.4b), a process which we also found to be 
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affected by qkia knockdown (Fig. II.4a). Thirdly, the mouse QKI protein was 
previously shown to interact with the 3’UTR of the murine Cdh11 (Galarneau and 
Richard, 2005). Lastly, we identified two sequence motifs near identical to the 
mouse QKI binding motif – termed Quaking Response Element (QRE) (Galarneau 
and Richard, 2005) – in the 3’UTR of the zebrafish cdh11 gene (Fig. II.5a). 
 
 
Fig. II.4 – qkia knockdown and cdh11 knockdown affect otolith formation. 
(a,b) Representative images of the number of otoliths formed at 72 hpf in (a) qkia morphants 
(qkiaATG-MO p53MO), (b) cdh11 morphants (cdh11MO), and in the respective control conditions. 
 
To determine if Qkia could act as a post-transcriptional regulator of cdh11 we began 
by assessing the effects of Qkia depletion on the expression of an eGFP reporter 
fused to the 3’UTR of cdh11. Reporter transcripts, termed eGFP-cdh113’UTR, were 
produced by in vitro transcription and co-injected into 1-cell stage zebrafish 
embryos, with either control or qkiaATG-MO. mCherry mRNA was used as an injection 
control and the resulting mean fluorescence intensities were measured at 15 hours 
post-injection (hpi) (Fig. II.5b). In this context, we observed that Qkia depletion led 
to an increase in eGFP expression, suggesting that Qkia could act as post-
transcriptional repressor of cdh11 through interactions with its 3’UTR (Fig. II.5c). 
72 hpf n=20 n=3/40 n=30/40 n=7/40
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To determine if the previously observed effect was mediated by direct interactions 
between Qkia and the QREs identified in the cdh11 3’UTR, we resorted to site-
directed mutagenesis to modify the eGFP-cdh113’UTR reporter. The two core QRE 
sites were removed from the cdh11 3’UTR, and the resulting reporter was termed 
eGFP-cdh113’UTR_QREdel. The expression of this reporter under Qkia depletion 
conditions was assessed as described previously (Fig. II.5b). We observed that the 
increase in reporter expression brought about by Qkia depletion was not abolished 
by the removal of the QREs from the 3’UTR (Fig. II.5d). This indicates that the effect 
of Qkia on reporter expression does not rely on the QRE binding motifs, and 
therefore, that Qkia is unlikely to interact directly with the QREs identified in the 
3’UTR of cdh11. 
We performed an additional set of reporter experiments with the eGFP-cdh113’UTR 
reporter under qkia overexpression conditions, to determine if an increase in Qkia 
levels was sufficient to repress reporter expression (Fig. II.5e). We did not detect a 
significant difference in reporter fluorescence between the control and qkia 
overexpression conditions (Fig. II.5f), suggesting that other factors may be involved 
in this regulation.  
Taken together our results indicate that Qkia may act as a negative post-
transcriptional regulator of cdh11. However, this regulation does not appear to be 
mediated by the QREs identified in the cdh11 3’UTR and is likely to involve 
additional regulatory factors. 
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Fig. II.5 – Effect of qkia knockdown and overexpression on cdh11 3’UTR-mediated 
regulation of reporter expression. 
(a) Quaking Response Elements (QREs) identified in the zebrafish cdh11 3’UTR sequence. 
For each QRE, the core site and the half site are shown. (b,e) Schematic representations 
of the experimental setups. (b,c) RNA encoding eGFP fused to the cdh11 3’UTR was 
injected, together with either qkiaATG-MO or CtrMO into 1-cell stage embryos. mCherry RNA 
was used as an injection control. Fluorescence intensities were measured at 15hours post 
injection (hpi). (b,d) The same experimental procedure was carried out using an eGFP 
reporter fused to a cdh11 3’UTR QREdel, which had both QRE core sites removed via site-
directed mutagenesis. (e,f) The same experimental procedure was carried out under qkia 
overexpression conditions, using the eGFP reporter fused to the wildtype cdh11 3’UTR, and 
CtrRNA and a mixture of qkia1RNA and qkia2RNA instead of the control and qkia 
morpholinos. (c,d,f) Data shows mean normalized fluorescence intensities ±SEM, for the 
indicated conditions. Statistical analysis was done using Student’s t-test (***p<0.001).  
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II.2.4 cdh11 knockdown leads to Left-Right patterning defects  
 
To determine if cdh11 could act as a potential mediator of Qkia’s function in Left-
Right patterning, we next analysed the effect of Cdh11 depletion on organ laterality. 
We used a previously described splice blocking morpholino (cdh11MO) (Clendenon 
et al., 2009) and a homozygous cdh11 mutant line carrying the cdh11sa14413 allele. 
This allele contains a premature stop codon upstream of the cdh11 transmembrane 
and intracellular domain coding region, and therefore is not expected to produce a 
functional protein (Fig. II.M1c,d).  
In regard to cardiac laterality, we observed that 37% of cdh11 morphants had 
unlooped heart tubes and 11% had reversely looped heart tubes (L loop) at 48-50 
hpf (Fig. II.6a,b). Additionally, at 30 hpf, 19% of cdh11 morphants displayed 
unjogged heart tubes and 13% displayed reversely jogged heart tubes (Right jog) 
(Fig. II.6d,e). However, no significant laterality defects were detected in the heart 
tubes of cdh11 mutants, both at 48-50 hpf and at 30 hpf (Fig. II.6a,c,d,f). In cdh11 
morphant embryos we also observed that the lateral positions of the liver and 
pancreas were reversed in a small percentage of embryos (17%) (Fig. II.6g,h). 
However, as with the heart tube, no significant laterality defects were observed in 
the liver and pancreas of cdh11 mutant embryos (Fig. II.6g,i).   
Taken together these results indicate that the establishment of heart, liver and 
pancreas laterality is compromised under cdh11 knockdown conditions, but not 
under cdh11 knockout conditions.  
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Fig. II.6 – cdh11 morphants, but not cdh11 mutants, display organ laterality defects. 
 (Figure legend on the next page) 
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Fig. II.6 – cdh11 morphants, but not cdh11 mutants, display organ laterality defects. 
(a) Ventral views of representative embryos illustrating the different heart laterality 
phenotypes observed at 48-50 hpf after WISH for myl7.  (b,c) Quantification of the heart 
tube laterality phenotypes observed (b) under cdh11 knockdown conditions (cdh11MO) and 
(c) in cdh11 mutant embryos (cdh11sa14413). The respective control conditions are indicated. 
(d) Dorsal views of representative embryos illustrating the different heart laterality 
phenotypes observed at 30 hpf after WISH for myl7.  (e,f) Quantification of the heart 
laterality phenotypes observed under (e) cdh11 knockdown conditions (cdh11MO) and (f) in 
cdh11 mutant embryos (cdh11sa14413). The respective control conditions are indicated. (g) 
Schematic representation of the different phenotypes observed regarding the laterality of 
the Liver (L) and Pancreas (P). Visceral organ laterality was assessed (h) in sox17:GFP 
embryos at 48 hpf, (i) after WISH for foxa3 at 50 hpf. (h,i) Quantification of the liver and 
pancreas laterality phenotypes observed (h) under cdh11 knockdown conditions (cdh11MO) 
and (i) in cdh11 mutant embryos (cdh11sa14413). The respective control conditions are 
indicated.  
 
To determine if the organ laterality defects observed in cdh11 morphants derived 
from a disruption of asymmetric Nodal signalling, we analysed the expression of the 
laterality associated genes spaw and pitx2 in the LPM of cdh11 morphants. The left 
side specific LPM expression of pitx2a appeared to be randomized in cdh11 
morphants, with 33% of embryos displaying right side expression, 24% displaying 
either bilateral expression or no expression in the LPM and 43% displaying left side 
expression (Fig. II.7a). Similarly, expression of the left side specific LPM gene spaw 
was randomized in cdh11 morphant embryos, with 40% of morphants displaying 
right side expression, 20% displaying either bilateral expression or no expression in 
the LPM and the remaining 40% displaying left side expression (Fig. II.7b). These 
results indicate that the cdh11 morphant phenotype stems from a disruption 
upstream of LPM Nodal signalling, probably at the level of asymmetric signal 
establishment in the KV.  
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Fig. II.7 – Expression of Left-Right patterning genes is affected in the LPM of cdh11 
morphants. 
(a) WISH analysis of pitx2 expression in the lateral plate mesoderm of 24 ss control and 
cdh11 morphant embryos. (b) WISH analysis of spaw expression in the lateral plate 
mesoderm of 20 ss control and cdh11 morphant embryos.  
 
To ascertain if cdh11 could influence Left-Right patterning by contributing to 
asymmetric signal establishment in the KV, we next set out to determine if cdh11 is 
expressed in this organ. Through WISH we were able to verify the previously 
reported expression of cdh11 in the intermediate mesoderm and neural tube at the 
8 ss, as well as in the otic vesicle and inner ear at the 20 ss and 24 hpf, respectively 
(Fig. II.8a-g) (Franklin and Sargent, 1996, Clendenon et al., 2009). However, this 
technique did not enable a clear detection of cdh11 expression in tissues with a 
known involvement in Left-Right patterning, specifically, the KV at the 8ss and the 
LPM at the 20ss and at 24hpf (Fig. II.8a-g).  
To account for a potentially reduced sensitivity of the WISH method to low levels of 
gene expression, we resorted to a complementary approach to determine if cdh11 
is expressed in the KV. Specifically, we performed fluorescence activated cell 
sorting (FACS) of 8 ss sox17:GFP transgenic embryos, which label the KV and the 
endoderm at this developmental stage. Total RNA was subsequently extracted from 
the sorted cells and, following reverse transcription, the expression of cdh11 was 
detected by PCR amplification. The expression of dand5 was also analysed and 
used as a marker for KV cells. This approach allowed us to detect cdh11 expression 
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in cells sorted for high levels of GFP expression (GFP++), with these cells also 
expressing dand5 (Fig. II.8h,i,j). Therefore, even though further experiments are 
required to validate this expression, the results obtained suggest that cdh11 is 
expressed in KV cells at the 8 ss.  
Taken together, our results reveal that under cdh11 knockdown conditions internal 
organ laterality is compromised, most likely due to a disruption of the establishment 
of early asymmetric cues in the KV.  
 
Fig. II.8 – cdh11 expression in wildtype embryos and FACS sorted sox17:GFP cells. 
(a-g) WISH for cdh11 in wildtype embryos (a,b) at the 8 ss, (c,d) at the 20 ss and (e,f,g) at 
24 hpf. (a,c,e,f) Whole-mount embryos, dorsal view, anterior to top.  (b) Transversal section 
at the KV level (B). (d) Transversal section at the otic vesicle level (D). (g) Transversal 
section at the inner ear level (G). (b,d,g) Dorsal to top. (a-g) IM, Intermediate mesoderm; 
NT, Neural Tube; KV, Kupffer’s vesicle; Ov, Otic vesicle; MB, Midbrain; IE, Inner Ear. (h) 
FACS profile for sox17:GFP 8 ss embryos. Cells were sorted based on GFP levels. (i) PCR 
detection of dand5 in samples obtained from sox17:GFP cell sorting, 8 ss whole embryos 
and 2 hpf whole embryos. (j) PCR detection of cdh11 in samples obtained from sox17:GFP 
cell sorting, 8 ss whole embryos and 2 hpf whole embryos. (i,j) The 8 ss whole embryo 
condition was used as a positive control and the 2 hpf whole embryo condition was used as 
a negative control for both cdh11 and dand5 expression. ntc, no template control; m1, 
pUC19 DNA/MspI (HpaII) Marker 23 (Thermo Fisher); m2, 1 Kb Plus DNA Ladder 
(Invitrogen).  
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II.3 DISCUSSION  
 
In this study, we have uncovered evidence for two potential functions of the qkia 
gene during embryonic development, namely, in posterior body shaping and in the 
establishment of internal organ laterality. 
The results shown concerning the role of qkia in the establishment of posterior body 
morphology indicate that qkia operates at post-gastrulation stages, and is likely to 
influence the shape of the posterior body through a role in the process of posterior 
body elongation (Fig. II.1). Previous studies have shown that even though several 
mechanisms contribute to posterior body elongation, the primary driving force of this 
process appears to be cell migration in the posterior PSM (Bouldin et al., 2014, 
Kanki and Ho, 1997, McMillen and Holley, 2015, Lawton et al., 2013, Dray et al., 
2013, Steventon et al., 2016). To explore a potential role for qkia in this process 
future experiments can be carried out using an experimental setup, previously 
implemented in our lab, that utilizes a photoconvertible fluorescent reporter to track 
individual cell movements in the posterior PSM (Fior et al., 2012). In addition, to 
show a specific role for qkia in cell movement and morphogenesis, rescue 
experiments can be carried out by co-injection of qkia mRNA with the qkiaATG-MO. 
Regarding the role of qkia in the establishment of organ laterality, we have shown 
that both Qkia depletion and overexpression affect the lateral positions of the heart, 
liver and pancreas (Fig. II.2). Our analysis of Left-Right patterning gene expression, 
under Qkia depletion conditions, revealed that qkia appears to operate primarily at 
the level of laterality signal transmission from the KV to the LPM (Fig. II.3). These 
results therefore suggest that the role of qkia in the establishment of Left-Right 
asymmetry could be mediated by its expression in the PSM, which is located 
between these two laterality-associated tissues (Thisse et al., 2001).   
To gain a better understanding of the role of qkia in Left-Right patterning, future 
experiments can focus on a more in-depth analysis of this process in the qkia mutant 
line. In addition, previous studies have shown that distinct STAR protein splicing 
isoforms can have different sub-cellular localizations and different functions on RNA 
metabolism (Artzt and Wu, 2010, Volk, 2010). Therefore, since the knockdown and 
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overexpression tools used in this study target both Qkia isoforms (Fig. II.M1a,b), it 
would be interesting to dissect the individual roles of each Qkia isoform in Left-Right 
patterning.  
Considering that Qkia is an RNA binding protein, it is expected to function in 
development through its roles as a post-transcriptional regulator. In this study, we 
identified a potential target of Qkia-mediated regulation, cdh11. At this time, we 
cannot conclusively claim that cdh11 is a direct target of Qkia, however the results 
obtained in this study under Qkia depletion conditions indicate that Qkia could act 
as a post-transcriptional repressor of cdh11 expression (Fig. II.5b,c). We have also 
observed that this potential regulation is independent of the two QREs identified in 
the 3’UTR of cdh11 (Fig. II.5a,b,d). As previously noted, the cdh11 QREs were 
identified considering the consensus binding sequences proposed for the mouse 
QKI protein (Galarneau and Richard, 2005). However, discrete variations in 
preferential consensus binding motifs have been reported for different members of 
the STAR family (Table I.1) (Carmel et al., 2010, Ryder and Williamson, 2004, 
Hafner et al., 2010, Ryder et al., 2004, Galarneau and Richard, 2009, Israeli et al., 
2007, Lin et al., 1997, Berglund et al., 1997, Peled-Zehavi et al., 2001, Liu et al., 
2001). It is therefore possible that the zebrafish Qkia displays different binding 
preferences when compared to the mouse ortholog. 
In addition, our results show that qkia overexpression is not sufficient to repress 
eGFP-cdh113’UTR reporter expression, suggesting that other factors could be 
involved in this regulation (Fig. II.5e,f). Previous studies have revealed that, even 
though the mammalian Quaking proteins typically function as homodimers, STAR 
family members can operate as heterodimers, associate with other KH domain 
proteins, and function as adaptor proteins in a signal transduction context (Beuck et 
al., 2012, Teplova et al., 2013, Wu et al., 1999, Rymond, 2010, Chen et al., 1997, 
Di Fruscio et al., 1999, Najib et al., 2005). It is therefore conceivable that a post-
transcriptional regulation of cdh11 mediated by Qkia could involve additional RBPs. 
Nevertheless, further studies are required to conclusively determine if the Qkia 
protein interacts with the endogenous cdh11 transcripts and to characterize the 
resulting effects on cdh11 expression and embryonic development. 
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We have also uncovered a potential role for cdh11 in the establishment of Left-Right 
organ asymmetry. In particular, we observed that in cdh11 morphants the lateral 
positions of the heart, liver and pancreas are compromised (Fig. II.6a,b,d,e,g,h). 
These defects, however, were not phenocopied in cdh11 mutants (Fig. 
II.6a,c,d,f,g,i). These phenotypic differences could stem from the activation of a 
genetic compensation program in cdh11 mutant conditions, which is not triggered 
by morpholino mediated knockdown. Mechanisms of this nature were shown to 
underlie the phenotypic differences observed between mutants and morphants of 
the egfl7 and vegfaa genes, and were proposed as an explanation for some of the 
widely observed phenotypical inconsistencies between knockdown and knockout 
strategies (Rossi et al., 2015). To determine if a compensation program is active in 
cdh11 mutant embryos large scale approaches, such as microarrays or RNAseq, 
can be employed as described by (Rossi et al., 2015). In addition, future work should 
focus on addressing the specificity of the cdh11MO-induced laterality phenotype. 
Our analysis of the role of Cdh11 in Left-Right patterning revealed that this protein 
is likely to operate at the KV level, in asymmetric signal establishment (Fig. II.7 and 
Fig. II.8). To further elucidate this mechanism, it is necessary to determine if the 
expression of spaw and dand5 is affected in the KV of cdh11 morphants, and to 
perform a more definitive characterization of the expression pattern of cdh11. 
Nevertheless, considering that Cdh11 is an adhesion molecule, our results raise the 
possibility that it may function in this context by contributing to the establishment of 
proper KV morphology. Previous studies have shown that the cellular architecture 
of the KV is asymmetric along the anterior-posterior axis, with disruptions of this, 
and other aspects of KV morphology, affecting fluid flow and consequently 
compromising organ laterality (Wang et al., 2011, Wang et al., 2012, Kreiling et al., 
2007, Arrington et al., 2013, Oteiza et al., 2010, Matsui et al., 2011, Ablooglu et al., 
2010). However, despite the extensive work that has been conducted in the field 
thus far, only a small number of cell adhesion molecules have been implicated in 
the process of KV morphogenesis (e.g. Integrin subunits αV and β1b and 
Cadherin1) with the specific proteins involved in the establishment of KV anterior-
posterior asymmetry remaining largely unknown (Matsui et al., 2011, Ablooglu et al., 
2010, Wang et al., 2011, Wang et al., 2012). Future approaches can therefore focus 
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on determining if Cdh11 influences the establishment of organ laterality by 
contributing to KV morphogenesis.  
Even though a more in-depth analysis is required to clarify the mechanisms through 
which cdh11 and qkia operate in Left-Right patterning, our results also seem to 
indicate that cdh11 and qkia contribute to different phases of organ laterality 
establishment. Specifically, while cdh11 appears to function upstream, at the KV 
level, qkia appears to function further downstream, at the level of asymmetric signal 
transmission to the LPM (Fig. II.3 and Fig. II.7). Therefore, our results indicate that 
cdh11 is unlikely to mediate qkia’s function in organ laterality. 
In conclusion, our results reveal an apparent role for qkia in posterior body shaping 
and Left-Right patterning. These findings are therefore incremental to the current 
view of STAR proteins as important regulators of a considerable diversity of 
developmental processes (Volk and Artzt, 2010).  
The observation that Qkia is involved in the establishment of internal organ laterality 
constitutes, to the extent of our knowledge, the first time that a STAR protein has 
been implicated in this developmental process. In addition, this observation serves 
to further our current understanding of STAR protein functions in cardiac 
development and opens the door for future studies aimed at assessing its 
conservation.  
Lastly, our results are indicative of a potential function for Cdh11 in KV 
morphogenesis which, upon further dissection, could contribute to our 
understanding of the mechanisms that govern the formation and structural integrity 
of this organ. 
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II.4 MATERIALS AND METHODS 
 
II.4.1 Zebrafish lines 
 
Adult zebrafish and embryos were maintained and bred under standard laboratory 
conditions (Westerfield, 2000). Embryonic staging was done according to (Kimmel 
et al., 1995). 
This work was carried out using AB wildtype strains, a transgenic Tg(sox17:GFP)s870 
strain (Chung and Stainier, 2008) and two mutant strains, qkiat31954 (Lobbardi et al., 
2011) and cdh11sa14413. 
The transgenic line Tg(sox17:GFP)s870 labels the endoderm and was used to 
visualize the gut, liver and pancreas, and as a KV/endodermal marker for FACS. 
Transgenic Tg(sox17:GFP)s870 embryos were obtained by outcrossing either 
homozygous, or heterozygous adults with wildtype AB fish.  
The qkiat31954 allele displays a T to A missense mutation in position +467 relative to 
the ATG start codon, which leads to an Ile to Asn substitution (Fig. II.M1a,b) 
(Lobbardi et al., 2011). Paraformaldehyde fixed homozygous qkiat31954 mutant 
embryos, and the respective siblings, were provided by F.M. Rosa. 
The cdh11sa14413 allele displays a T to A nonsense mutation at position +1361 
relative to the ATG start codon, which generates a premature stop codon (Fig. 
II.M1c,d).  Heterozygous fish obtained from the European Zebrafish Resource 
Center (EZRC), were incrossed to generate a homozygous cdh11sa14413 mutant line 
and a control wildtype line. Carriers were identified by PCR amplification of the 
corresponding genomic region and sanger sequencing (Stavbida), using the 
following primers Fw 5’-CCTTTATGGCTCCCAGCTAC-3’, Rv 5’-
AGGTTTACCGAGTGCCTTGAT-3’.  
A schematic representation of the qkiat31954 and cdh11sa14413 alleles, and expected 
protein products, is presented in Fig. II.M1.  
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II.4.2 Morpholino oligonucleotides 
 
The antisense morpholino oligonucleotides used in this study were obtained from 
Gene Tools. 
qkia knockdown experiments were performed using the translation blocking 
morpholino oligo qkiaATG-MO 5’-CACCTCCATCTCCCCGACCATCATC-3’. The 
qkiaATG-MO was injected into 1-cell stage embryos with the p53 morpholino (p53MO) 
5’-GCGCCATTGCTTTGCAAGAATTG-3’ to counteract the pro-apoptotic effects of 
the qkiaATG-MO. Control experiments were done by injecting sibling embryos with 
either p53MO or a mixture of p53MO and standard control morpholino (CtrMO) 5’-
CCTCTTACCTCAGTTACAATTTATA-3’. The qkiaATG-MO and the CtrMO were 
injected at 1.7ng/embryo and the p53MO was injected at 2.5ng/embryo, using an 
injection volume of 1.4nL/embryo. 
cdh11 knockdown experiments were performed using a previously described splice 
blocking morpholino oligo cdh11MO 5’-TGTCACGCACCTCTGTTGTCCTTGA-3’ 
(Clendenon et al., 2009). Control experiments were done by injecting sibling 
embryos with CtrMO. The cdh11MO and the CtrMO were injected into 1-cell stage 
embryos at 2.3ng/embryo, using an injection volume of 1.4nL/embryo. 
A schematic representation of the qkiaATG-MO and cdh11MO binding sites, and 
expected effects on protein synthesis, is presented in Fig. II.M1. 
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Fig. II.M1 – qkia and cdh11 morpholino oligos and mutant alleles used in this work. 
(a) Schematic representation of the qkia1 and qkia2 splicing isoforms of the zebrafish qkia 
gene. Illustration of the qkiaATG-MO binding site and the relative position of the qkiat31954 
mutation. (b) Expected outcomes of the qkiaATG-MO interference and the qkiat31954 mutation, 
at the protein level. The qkiaATG-MO is expected to block translation of both qkia isoforms. 
The qkiat31954 mutation leads to a substitution of a highly conserved Ile in the KH domain, 
which is expected to lead to misfolding (Lobbardi et al., 2011). Relevant protein domains 
are indicated. SH, STAR protein homodimerization region; KH, K homology Domain; nls, 
putative nuclear localization signal. (c) Schematic representation of the zebrafish cdh11 
gene and illustration of the cdh11MO binding site and the relative position of the cdh11sa14413 
mutation. (d) Expected outcomes of the cdh11MO interference and the cdh11sa14413 mutation, 
at the protein level. The most likely outcome of cdh11MO interference is exon 9 skipping, 
accompanied by a frameshift in exon 10 leading to a premature stop codon and consequent 
production of a truncated protein (illustrated) (Clendenon et al., 2009). However, if intronic 
or exonic cryptic splice sites are present, this morpholino can also give rise to partial or total 
intron 9 inclusion, or to only a partial exclusion of exon 9. The cdh11sa14413 mutation 
generates a premature stop codon in the CR4 domain coding region. If transcripts with this 
mutation escape nonsense-mediated decay, they are expected to lead to the production of 
a truncated protein. Relevant protein domains are indicated. sp, signal peptide; CR1-5, 
Cadherin extracellular repeats; CD, Cadherin cytoplasmic domain.  
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II.4.3 Cloning and site directed mutagenesis 
 
In the following cloning procedures, PCR amplifications were performed using 
Phusion High-Fidelity DNA Polymerase (Thermo Fisher) and DNA ligation reactions 
were done using T4 DNA Ligase (NEB). 
In the following mutagenesis reactions, amplification was done using either KOD 
Hot Start DNA Polymerase (Novagen) or PfuTurbo DNA Polymerase (Agilent) and 
digestion of template DNA was done with DpnI (Thermo Fisher). 
All the constructs produced were sequenced by Stabvida to verify the efficiency and 
accuracy of each cloning procedure.  
The qkia1 and qkia2 isoforms are annotated under the ENSDART00000169708.1 
and ENSDART00000170462.1 accession numbers, respectively. The cdh11 
sequence is annotated under the ENSDART00000002279.7 accession number 
(Aken et al., 2017). 
 
II.4.3.1 qkia constructs 
 
Wildtype zebrafish embryos between the 6 and 10 somite stages were 
dechorionated and microdissections were performed using a fine pointed scalpel to 
isolate the caudal portions of each embryo, which included all tissues posterior to 
the last formed somite. Total RNA was extracted from these samples using TRIzol 
(Invitrogen), according to the manufacturers’ instructions, and cDNA was 
synthesized using the MMLV-Reverse Transcriptase kit (Promega).  
The cDNA sample obtained was used as a template to amplify the coding sequence 
(CDS) of qkia with primers qkia_CDS_Fw and qkia_CDS_Rv (Table II.M1).  We 
obtained two PCR amplification products, corresponding to the previously described 
alternative splicing isoforms of the qkia gene: qkia1 and qkia2 (Fig. II.M1a) (Lobbardi 
et al., 2011). These amplification products were cloned into the pCS2+ vector after 
restriction digestion with BamHI (NEB) and ClaI (NEB). The resulting constructs 
were termed pCS2-qkia1-CDS and pCS2-qkia2-CDS. 
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The pCS2-qkia1-CDS and pCS2-qkia2-CDS constructs were used as templates to 
amplify and subsequently clone the qkia1 and qkia2 coding sequences in reverse 
orientation into the pCS2+ vector. PCR amplification was done using primers 
qkia_antiCDS_Fw and qkia_antiCDS_Rv (Table II.M1) and restriction digestions 
were done with BamHI (NEB) and ClaI (NEB). The resulting constructs were named 
pCS2-antiqkia1-CDS and pCS2-antiqkia2-CDS. 
An additional set of constructs was produced in which an HA tag was added 
upstream of the qkia1 and qkia2 coding sequences. This was done by PCR 
amplification using the pCS2-qkia1-CDS and pCS2-qkia2-CDS constructs as 
templates and primers qkia_HA-CDS_Fw and qkia_CDS_Rv (Table II.M1). The 
pCS2+ vector was digested with StuI (Thermo Fisher) and the PCR amplification 
products were blunt-end cloned into the vector. The constructs obtained in which 
the amplification products were inserted in the forward orientation were termed 
pCS2-HA-qkia1 and pCS2-HA-qkia2. The constructs in which insertion occurred in 
the reverse orientation were termed pCS2-antiHA-qkia1 and pCS2-antiHA-qkia2. 
The pCS2-HA-qkia1 and pCS2-HA-qkia2 constructs were subjected to site directed 
mutagenesis to introduce five silent substitutions in the region of the CDS predicted 
to interact with the qkiaATG-MO. Mutagenesis was done using primers qkia_mut1 and 
qkia_mut2 (Table II.M1), and the resulting constructs were named pCS2-HA-
mutqkia1 and pCS2-HA-mutqkia2. 
 
II.4.3.2 cdh11 constructs 
 
The 3’UTR of cdh11 was amplified from the cDNA sample described previously 
(Section II.4.3.1) by PCR using primers cdh11_3UTR_Fw and cdh11_3UTR_Rv 
(Table II.M1). After restriction digestion with StuI (Thermo Fisher) and XhoI (NEB) 
the amplification product was cloned into a pCS2+eGFP vector (Lopes et al., 2010). 
This procedure lead to the insertion of the cdh11 3’UTR downstream of the eGFP 
coding sequence.  
In the previous construct, a section of the vector’s multiple cloning site was present 
between the 3’end of the eGFP CDS and the 5’end of the cdh11 3’UTR. In order to 
replicate the endogenous zebrafish cdh11 QRE1 half site (Fig. II.5a), this section of 
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the vector was removed by site directed mutagenesis, thus fusing the eGFP coding 
sequence with the cdh11 3’UTR. Mutagenesis was done using primers 
cdh11_3UTRfus_Fw and cdh11_3UTRfus_Rv (Table II.M1) and the resulting 
construct was termed pCS2-eGFP-cdh113’UTR. Because the primers used in this 
mutagenesis protocol are in back-to-back orientation, a ligation step was done after 
DpnI digestion, using T4 DNA Ligase (NEB). 
An additional construct was produced, by removing the two QRE core sites located 
in the cdh11 3’UTR from the pCS2-eGFP-cdh113’UTR construct. This was done in 
two sequential site directed mutagenesis steps. The first step targeted the QRE1 
core site, and was done with primers QRE1del_Fw and QRE1del_Rv (Table II.M1). 
The second step targeted the QRE2 core site and was done with primers 
QRE2del_Fw and QRE2del_Rv (Table II.M1). The resulting construct was named 
pCS2-eGFP-cdh113’UTR_QREdel. 
To generate a control reporter construct, the CDS of mCherry was subcloned from 
a pKS-mCherry vector, provided by the D. Henrique Lab, into a pCS2+ backbone. 
Subcloning was done after digestion with XhoI (Thermo Fisher) and XbaI (Thermo 
Fisher), and the resulting construct was named pCS2-mCherry.  
To produce a template construct for cdh11 ISH probe synthesis, total RNA was 
extracted from wildtype 8 somite stage whole embryos using TRIzol (Invitrogen) and 
cDNA was synthesized using the MMLV-Reverse Transcriptase kit (Promega). PCR 
was done with primers cdh11_CDS-ISH_Fw and cdh11_CDS-ISH_Rv (Table II.M1), 
which amplify the sequence between positions +947 and +1524 relative to the ATG 
start codon of the cdh11 CDS. After restriction digestion with BamHI (NEB) and 
EcoRI (NEB) the amplification product was cloned into the pCS2+ vector. The 
resulting construct was termed pCS2-cdh11-ISH. 
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Table II.M1 – Primers used in the qkia and cdh11 cloning procedures. Underlined 
sequences correspond to restriction sites. The sequence highlighted in green codes for an 
HA tag. Nucleotides highlighted in blue correspond to silent substitutions introduced through 
mutagenesis. Asterisks indicate mutagenesis primers designed in back-to-back orientation, 
the remaining mutagenesis primers were designed in overlapping orientation. 
Primer name Sequence (5’→3’) 
qkia_CDS_Fw ACAGGATCCATGATGGTCGGGGAGATGGAGGT 
qkia_CDS_Rv ATCATCGATTTAGTTGCCGGTGGCGGCTCTGT 
qkia_antiCDS_Fw ATCATCGATATGATGGTCGGGGAGATGGAGGT 
qkia_antiCDS_Rv ACTGGATCCTTAGTTGCCGGTGGCGGCTCTGT 
qkia_HA-CDS_Fw ACAGGATCCATGTACCCTTACGACGTCCCTGATTATGCAATG
ATGGTCGGGGAGATGGAGGT 
qkia_mut1 GCAATGATGGTGGGCGAAATGGAAGTCAAGGAGAGACCGA
GGCC 
qkia_mut2 GGCCTCGGTCTCTCCTTGACTTCCATTTCGCCCACCATCATT
GC 
cdh11_3UTR_Fw AGTAGGCCTCGTTCGCTCAAATAAGTCCT 
cdh11_3UTR_Rv ACGCTCGAGTCAAAGTTTTTTGCTTCTTAGATTGA 
cdh11_3UTRfus_Fw * CGTTCGCTCAAATAAGTCCTTT 
cdh11_3UTRfus_Rv * TTACTTGTACAGCTCGTCCATGC 
QRE1del_Fw CATCTCCCTCCCTGTGTGTTTTGTGAAG 
QRE1del_Rv CTTCACAAAACACACAGGGAGGGAGATG 
QRE2del_Fw GCTCAAAAAACGCCTTAGGACACTCTTGCAACG 
QRE2del_Rv CGTTGCAAGAGTGTCCTAAGGCGTTTTTTGAGC 
cdh11_CDS-ISH_Fw ATCGGATCCTAGAGGGAGACGGCATGAAC 
cdh11_CDS-ISH_Rv ATCGAATTCACATTCTCACAGACCAGCACTT 
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II.4.4 In vitro transcription and mRNA microinjections 
 
DNA templates for in vitro transcription were prepared by NotI (NEB) digestion of 
the indicated constructs. In vitro transcriptions were performed using the SP6 
mMessage mMachine kit (Ambion) and followed by in-tube Turbo DNAseI (Ambion) 
digestion of the template DNAs. The transcript samples were purified using illustra
™ MicroSpin™ G-50 Columns (GE Healthcare) prior to microinjection.  
The following microinjection procedures were done at the 1-cell stage, with an 
injection volume of 1.4nL/embryo and the morpholino concentrations used are 
indicated in Section II.4.2. 
 
II.4.4.1 qkiaATG-MO rescue and qkia overexpression 
 
The transcripts used for the qkiaATG-MO laterality phenotype rescue experiments 
were in vitro transcribed from the following constructs: pCS2-HA-mutqkia1, pCS2-
HA-mutqkia2, pCS2-antiHA-qkia1 and pCS2-antiHA-qkia2 (Section II.4.3.1) and 
termed HA-mutqkia1, HA-mutqkia2, antiHA-qkia1 and antiHA-qkia2, respectively.  
Optimization of the rescue experiments was done, using sox17:GFP embryos, by 
microinjection of the qkiaATG-MO p53MO mix with either HA-mutqkia1, HA-mutqkia2, 
or a 1:1 molar ratio of HA-mutqkia1 and HA-mutqkia2. Control experiments were 
done using sibling sox17:GFP embryos by microinjection of the qkiaATG-MO p53MO 
mix with the corresponding antisense transcripts (antiHA-qkia1, antiHA-qkia2 or 
both). Several transcript concentrations were tested for each rescue condition, and 
the resulting laterality phenotypes we assessed by live fluorescent imaging.  The 
condition that produced the most efficient rescue of the qkiaATG-MO liver and 
pancreas laterality phenotype was the microinjection of qkiaATG-MO, p53MO and 
20pg/embryo of HA-mutqkia2. In the corresponding control experiment, sibling 
embryos were injected with qkiaATG-MO, p53MO and 20pg/embryo of antiHA-qkia2. 
The transcripts used for qkia overexpression were in vitro transcribed from the 
following constructs: pCS2-qkia1-CDS, pCS2-qkia2-CDS, pCS2-antiqkia1-CDS 
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and pCS2-antiqkia2-CDS (Section II.4.3.1) and named qkia1-CDS, qkia2-CDS, 
antiqkia1-CDS and antiqkia2-CDS, respectively. 
Overexpression of qkia was done by microinjection of a mixture of qkia1-CDS and 
qkia2-CDS, in a 1:1 molar ratio, corresponding to 70pg/embryo of qkia1-CDS and 
64pg/embryo of qkia2-CDS, into wildtype embryos. In the respective control 
experiments, sibling embryos were injected with 70pg/embryo of antiqkia1-CDS and 
64pg/embryo of antiqkia2-CDS. 
 
II.4.4.2 Fluorescent reporters 
 
The transcripts used for the fluorescent reporter experiments were in vitro 
transcribed from the pCS2-eGFP-cdh113’UTR, pCS2-eGFP-cdh113’UTR_QREdel 
and pCS2-mCherry constructs (Section II.4.3.2). The transcript samples obtained 
were termed eGFP-cdh113’UTR, eGFP-cdh113’UTR_QREdel and mCherry, 
respectively. 
The eGFP-cdh113’UTR and eGFP-cdh113’UTR_QREdel samples were used at 
100pg/embryo and the mCherry sample was used at 50pg/embryo. 
To determine the effect of Qkia depletion on reporter expression, two experiments 
were carried out. One was done by microinjection of eGFP-cdh113’UTR with 
mCherry, qkiaATG-MO and p53MO into wildtype embryos. The other was done by 
microinjection of eGFP-cdh113’UTR_QREdel with mCherry, qkiaATG-MO and p53MO 
into wildtype embryos. The respective control experiments were done in sibling 
embryos using CtrMO instead of qkiaATG-MO.  
To determine the effect of qkia overexpression on reporter expression, eGFP-
cdh113’UTR was microinjected with mCherry and a 1:1 molar ratio of qkia1-CDS 
and qkia2-CDS, into wildtype embryos. The respective control experiments were 
done in sibling embryos using antiqkia1-CDS and antiqkia2-CDS instead of qkia1-
CDS and qkia2-CDS. The sense and antisense qkia transcript samples were used 
at the previously indicated concentrations (Section II.4.4.1).  
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II.4.5 Fluorescent reporter assays  
 
Production and microinjection of reporter transcripts was done as described in 
Section II.4.4 and Section II.4.4.2. Following microinjection, the embryos were kept 
at 28ºC for 15 hours until imaging.  
Prior to imaging, experimental and control embryos were mounted, in chorion, on a 
glass-base petri dish. Imaging was done with a Zeiss Axiovert 200M widefield 
fluorescence microscope, using a 20x magnification. For eGFP exposure was set 
to 100ms and for mCherry exposure was set to 50ms. 
Image processing was done using ImageJ 1.44p (Schneider et al., 2012). Average 
pixel intensities were measured, for each channel and each embryo, in a circular 
section of the tailbud. The average background pixel intensities were measured 
using an identical section, in an area adjacent to the embryo. The background 
values were subtracted from those obtained for the tailbud. The resulting intensity 
values obtained for eGFP were normalized to those obtained for mCherry in each 
embryo. The mean normalized fluorescence intensities were calculated for each 
experimental condition, and the values shown are relative to the indicated control 
condition. Statistical analysis was done using Student’s t-test. 
 
II.4.6 Whole-mount in situ hybridization and histology 
 
The antisense RNA WISH probes used in this study were in vitro transcribed from 
the respective DNA templates following construct linearization. The restriction 
enzymes, RNA polymerases and constructs used for probe production in this study 
are indicated in Table II.M2.  
With the exception of the myoD probe, which was labelled with Fluorescein (Fluo 
RNA labelling mixture, Roche), all the probes used in this study were labelled with 
Digoxigenin (DIG RNA labelling mixture, Roche). 
WISH experiments were done according to the protocol described by (Thisse and 
Thisse, 2008), with the modifications described below.  
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In the triple WISH experiments, namely the myoD, mesp-ab, tbx16 WISH and the 
ctslb, ta, dlx3 WISH, probe hybridizations were done using a mixture of the indicated 
probes. 
In the triple WISH for myoD, mesp-ab and tbx16 two antibody incubation steps were 
carried out. In the first step, the embryos were incubated overnight with anti-Fluo-
AP antibody (Roche, working dilution 1:10,000), washed in PBS, 0.1% Tween, 
washed in Tris 0.1M, pH8 and staining was done with Fast Red (Roche). After this 
step antibody inactivation was done by incubation in a Glycine 0.1M, 0.1% 
Tween20, pH2.2 solution, for 15minutes, followed by a TBS, 0.1% Tween (TBST) 
wash and subsequent incubation in TBST at 70ºC for 30min. The blocking step was 
repeated and the second antibody incubation was done with anti-DIG-AP (Roche, 
working dilution 1:5,000), as described in (Thisse and Thisse, 2008). 
In the WISH experiments done with DIG labelled probes, staining was performed 
using BM purple AP substrate (Roche), with the exception of the experiments done 
with the foxa3 probe, in which staining was done as described in (Thisse and Thisse, 
2008). 
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Table II.M2 – WISH probes used in this study. For each probe, the restriction enzyme 
required for DNA template linearization, and the RNA polymerase required for in vitro 
transcription are indicated, along with the sources of the respective template constructs 
used.  
Probe Restriction Enzyme RNA Polymerase Template 
myoD BamHI T7 (Weinberg et al., 1996) 
mesp-ab NotI T3 (Cutty et al., 2012) 
tbx16 EcoRI T7 (Ruvinsky et al., 1998) 
ta HindIII T7 (Amack and Yost, 2004) 
dlx3 EcoRV T7 (Akimenko et al., 1994) 
ctslb XhoI T3 (Thisse et al., 1994) 
myl7 NotI T7 (Yelon et al., 1999) 
pitx2 SpeI T7 (Essner et al., 2000) 
spaw SpeI T7 (Long et al., 2003) 
dand5 BamHI T3 (Hashimoto et al., 2004) 
foxa3 XhoI T3 
(Odenthal and Nüsslein-
Volhard, 1998) 
cdh11 HindIII T7 (Section II.4.3.2) 
 
To characterize the cdh11 expression pattern, following WISH for this gene, 
embryos were gelatin embedded and cryosectioned transversely, with a section 
thickness of 16-18µm. The embedding and sectioning procedures were done by the 
Histology Facility of the Chronic Diseases Research Center (CEDOC). 
Image acquisition was done using a Leica Z6 PRO stereoscope and a Leica 
DM2500 bright-field microscope.  
 
II.4.7 Fluorescence activated cell sorting and cdh11 detection 
 
To determine if cdh11 is expressed in the KV we resorted to the sox17:GFP 
transgenic line, which labels the endoderm, the dorsal forerunner cells and the KV 
(Chung and Stainier, 2008). Heterozygous sox17:GFP embryos were obtained by 
outcrossing homozygous Tg(sox17:GFP)s870 male adults with wildtype AB female 
adults. Embryo disaggregation was done at the 8 ss as described in (Tavares et al., 
2017).  
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Fluorescence activated cell sorting (FACS) was performed with a FACSAria bench 
top High Speed Cell Sorter (Becton Dickinson), with a 100μm nozzle, a 0-16-0 mask, 
and a sheath fluid pressure of 20psi. GFP excitation was done using a 488nm (Blue) 
laser and detection was done using 502LP 530/30nm filters. 
Total RNA extractions were done using TRIzol (Invitrogen). The extracted RNA was 
subsequently treated with DNase I (Promega) and purified with the RNA clean and 
concentrator kit (Zymo Research).  RNA was extracted from GFP negative cells 
(GFP-) and two sets of GFP positive cells (GFP+ and GFP++), illustrated in Fig. 
II.8h. In addition, total RNA was extracted from whole embryos at the 8 ss and at 2 
hpf.  
cDNA was synthetized using the ProtoScript® II First Strand cDNA Synthesis Kit 
(NEB), with random hexamer primers, and PCR amplifications were done using the 
Phusion High-Fidelity DNA Polymerase (Thermo Fisher).  
cdh11 and dand5 expression was detected using the following primers,  
Cdh_Fw 5’-ACGTGGGAAATCAAATCCAGTGAGG-3’,  
Cdh_Rv 5’-GGGATCTGGGCCTGTGTACTCC-3’, 
Dand5_Fw 5’-CCGCAATCCTGACCCATAGCAA-3’,  
Dand5_Rv 5’-CTCCTCCGTTATGCGCTGTGTA-3’.  
In these experiments, the 8 ss whole embryo condition was used as a positive 
control for cdh11 and dand5 expression and the 2 hpf whole embryo condition was 
used as a negative control for cdh11 and dand5 expression. dand5 expression was 
used as a marker for KV cells.  
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III CHAPTER III 
 
Fine-tuning of fgf8a expression through alternative 
polyadenylation has a selective impact on Fgf-
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III.1 INTRODUCTION 
 
Alternative polyadenylation (APA) is a mechanism of gene expression regulation 
that involves the formation of alternative mRNA 3′ ends through pre-mRNA cleavage 
and polyadenylation at different sites. It results from the use of different 
polyadenylation signals (PASs) and, in the 3’ untranslated region (UTR), leads to 
the formation of alternative 3’UTRs (alt3’UTRs). The presence of longer 3’UTRs 
formed through APA can provide additional binding sites for microRNAs (miRs) and 
RNA binding proteins (RBPs), enabling more complex forms of post-transcriptional 
regulation (Tian and Manley, 2017).  
APA is a widespread phenomenon, having been associated with both physiological 
and disease contexts (Tian and Manley, 2017, Chen et al., 2017a). In particular, 
genome-wide studies have revealed that high levels of APA occur throughout 
embryonic development. Widespread 3’UTR lengthening and shortening events 
have been shown to take place during early zebrafish development (Ulitsky et al., 
2012, Li et al., 2012) and a 3’UTR lengthening trend accompanies the progression 
of mouse embryogenesis (Ji et al., 2009). In addition, several mouse and Drosophila 
genes undergo neural-specific 3’UTR elongation during development (Miura et al., 
2013, Hilgers et al., 2011). These studies provide evidence of a tight temporal and 
spatial control of APA dynamics throughout embryogenesis. However, the functional 
importance of gene-specific APA events to embryonic development has been 
largely unaddressed. 
Fibroblast growth factors (FGFs) represent a large family of secreted signalling 
molecules that has been implicated in the regulation of multiple processes of 
embryonic development (Pownall and Isaacs, 2010). Evidence that the post-
transcriptional regulation of Fgf genes has a critical role during development comes 
from a study done in chick and mouse embryos, where the authors showed that 
Fgf8 mRNA stability is crucial for the establishment of a signalling gradient required 
for somite formation (Dubrulle and Pourquié, 2004, Dubrulle et al., 2001). For the 
zebrafish Fgf8 orthologue – the fgf8a gene – seven distinct alt3’UTRs have been 
reported, a number paralleled only by fgf12b among the other 32 fgf genes of the 
fish (Ulitsky et al., 2012, You et al., 2015). However, the post-transcriptional 
regulatory events mediated by these fgf8a alt3’UTRs and their functional importance 
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to different aspects of embryonic development have, thus far, remained 
unaddressed. 
During embryonic development, multiple processes are known to be regulated by 
Fgf8a (Pownall and Isaacs, 2010). For instance, early on Fgf8a contributes to 
gastrulation (Griffin et al., 1995, Reifers et al., 1998, Fürthauer et al., 1997, 
Fürthauer et al., 2004), during tail and trunk development, fgf8a contributes to 
mesodermal progenitor specification (Griffin et al., 1995, Mathieu et al., 2004, Goto 
et al., 2017, Draper et al., 2003) and somite formation (Akiyama et al., 2014, Sawada 
et al., 2001). In anterior regions fgf8a is required for midbrain-hindbrain boundary 
(MHB) patterning (Reifers et al., 1998) and contributes to several aspects of sensory 
organ development. These include neurogenesis in the statoacoustic ganglion 
(Vemaraju et al., 2012), anterior and postoptic commissure formation 
(Shanmugalingam et al., 2000), neuronal differentiation and nasal-temporal 
patterning in the retina (Martinez-Morales et al., 2005, Picker et al., 2009). 
Here we perform the first functional characterization of the fgf8a alt3’UTRs. Our 
results show that the fgf8a alt3’UTR with the highest reported abundance mediates 
a strong translational repression, in contrast with the second most abundant 
alt3’UTR, which is much more sparsely used, but supports a higher translation 
efficiency. By inducing a shift in the usage of the two corresponding PASs we 
observed a specific impact on late developmental processes associated with the 
sensory system. Furthermore, this modulation of Fgf signalling enabled the 
identification of a previously undescribed role for this pathway in the early stages of 
superficial retinal vascularization. 
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III.2 RESULTS 
 
III.2.1 fgf8a alt3’UTRs mediate distinct effects on translation 
efficiency 
 
To address the significance of APA to the regulation of fgf8a expression during 
embryonic development, we began by analysing the usage patterns of its alternative 
PASs. Data from two independent genome-wide poly(A) event profiling studies of 
embryonic development revealed seven alternative PASs for the zebrafish fgf8a 
gene (Ulitsky et al., 2012, You et al., 2015) (Table III.S1, altUTRs 1 to 7). A 
predominant PAS is used in 65.9-74.3% of fgf8a transcripts and generates a 3’UTR 
with 797 nucleotides (nt) which we termed fgf8aM (altUTR-4). The PAS with the 
second highest usage frequency, considering the data obtained in both studies, is 
used in 12.5-18.7% of transcripts. The resulting 3’UTR is 728nt long and was named 
fgf8aS (altUTR-3). Three additional PASs (altUTR-5, -6 and -7) were identified distal 
to the fgf8aM PAS, with a reported combined usage frequency of 4.5-7.4%. The 
remaining two PASs (altUTR-1 and -2) are proximal to fgf8aS PAS and have a 
combined usage frequency of 2.5-14.2% (Ulitsky et al., 2012, You et al., 2015) 
(Table III.S1). 
Given the distinctive expression patterns of the fgf8a gene during embryogenesis 
(Fig. III.1a) (Thisse et al., 2001), we set out to determine if the fgf8a alternative PASs 
displayed different usage preferences in different embryonic tissues and 
developmental timepoints. We considered two developmental stages, 8-somite 
stage (8 ss) and 24 hours post fertilization (24 hpf), and performed microdissections 
to isolate the head, somites/anterior presomitic mesoderm (PSM) and posterior 
PSM at the 8 ss, along with the anterior-half and posterior-half of 24 hpf embryos 
(Fig. III.1b). All samples were analysed by RT-qPCR using primers that specifically 
recognize different subsets of fgf8a alt3’UTRs (Fig. III.1c). We observed no 
significant variations in relative alt3’UTR abundance between these conditions (Fig. 
III.1d-f), indicating that fgf8a PAS usage preferences are largely conserved across 
the embryonic tissues and developmental stages analysed. Therefore, we focused 
on the alt3’UTRs with the highest reported abundance - fgf8aM and fgf8aS. 
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Fig. III.1 – Alternative fgf8a 3’UTR usage in the developing embryo.  
(Figure legend on the next page) 
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Fig. III.1 – Alternative fgf8a 3’UTR usage in the developing embryo. 
(a) Representative images of the wildtype expression pattern of the zebrafish fgf8a gene at 
the 8 somite stage (8 ss) and at 24 hours post fertilization (hpf). Images obtained following 
Whole-mount In Situ Hybridization (WISH) for the coding sequence of fgf8a. T, 
telencephalon; Rhs, rhombomeres 2 and 4; MHB, midbrain-hindbrain boundary; PSM, 
presomitic mesoderm; oc, otic capsule; os, optic stalks; di, diencephalon; ff, dorsal and 
caudal fin fold. (b) Illustration of the microdissection procedures performed on 8 ss and 24 
hpf zebrafish embryos. s10, position of the 10th somite. (c) Schematic representation of the 
alt3’UTRs previously reported for fgf8a and primers used for RT-qPCR (pUTRs, pCDS). 
The alt3’UTRs amplified by each primer pair are indicated by the dashed lines. The pCDS1 
and pCDS2 primer pairs both recognize the fgf8a coding sequence, with pCDS1 targeting 
the exon4-exon5 junction. The pUTRs2-7 primer pair recognizes all fgf8a transcripts, except 
those with the altUTR-1. The pUTRs3-7 primer pair recognizes transcripts with the fgf8aS 
UTR, the fgf8aM UTR and the longer alt3’UTRs-5 to 7. The pUTRs4-7 primer pair 
recognizes transcripts with the fgf8aM UTR and the longer alt3’UTRs-5 to 7. The pUTRs5-
7 primer pair only recognizes transcripts with the longer alt3’UTRs-5 to 7. (d-f) Relative RT-
qPCR quantification of the endogenous levels of fgf8a transcript and indicated alt3’UTRs 
(d) in 8 ss whole embryos and microdissected tissue samples, (e) in 24 hpf whole embryos 
and microdissected tissue samples, (f) in 24 hpf and 8 ss whole embryos. (d-f) All the results 
shown are relative to the indicated control conditions, namely, (d,e) the whole embryo 
condition, (f) the 24 hpf condition. (d-f) Data show mean ± SEM. Statistical analysis was 
done using two-tailed t-test, and all comparisons were deemed not statistically significant 
(p>0.05).  
 
To assess the impact of the fgf8aM and fgf8aS 3’UTRs on translation efficiency and 
mRNA stability, we generated a set of reporters in which the eGFP coding sequence 
was fused to each 3’UTR. Reporter constructs were in vitro transcribed, and the 
resulting mRNAs were co-injected with control mCherry mRNA into wildtype 1-cell 
stage embryos. mCherry was used, in this context, to account for microinjection 
variability. eGFP-3’UTR fluorescence intensities and mRNA abundances were 
quantified 24 hours post injection, normalized to mCherry, and compared to those 
obtained with control eGFP mRNA. (Fig. III.2a). We found that the fgf8aM 3’UTR 
induced a 72% reduction in reporter fluorescence (Fig. III.2b,d) in contrast to the 
fgf8aS 3’UTR which had a mild effect on reporter fluorescence (10% reduction) (Fig. 
III.2b,d). No clear tissue-specific variations in reporter fluorescence were identified 
in these assays (Fig. III.2d), suggesting that the effect of these 3’UTRs on reporter 
expression is spatially conserved. Furthermore, both 3’UTRs mediated a reduction 
in reporter mRNA levels, of 45% and 29% for fgf8aM and fgf8aS, respectively (Fig. 
III.2c). Taken together, these results indicate that, while both 3’UTRs have a 
moderate impact on mRNA stability, the fgf8aM 3’UTR mediates a strong 
translational repression when compared to the fgf8aS 3’UTR. 
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Fig. III.2 – Alt3’UTRs fgf8aM and fgf8aS mediate different effects on post-
transcriptional regulation. 
(a) Schematic representation of the experimental setup. eGFP mRNAs with and without the 
fgf8aS or fgf8aM 3’UTRs were co-injected with mCherry mRNA at the 1-cell stage. At 24 
hours post-injection (hpi) fluorescence intensities were measured and relative reporter 
mRNA levels determined by RT-qPCR. pA, SV40 polyadenylation signal; MM, Minimal 
Motif. (b) Mean eGFP fluorescence intensities, normalized to mCherry fluorescence 
intensities, obtained for the indicated reporters. (c) Relative eGFP mRNA levels, normalized 
to mCherry mRNA levels, obtained for the indicated reporters. (d) Representative images 
of embryos injected with each reporter. (b,c) Data show mean ±SEM (*p<0.05; ***p<0.001). 
 
 
To gain a better understanding of the fgf8a post-transcriptional regulation dynamics, 
we established a system of differential equations to simulate the translation and 
decay of the eGFP-fgf8aS and eGFP-fgf8aM reporters during a 24 hour period and 
estimate their respective rate constants based on the observed mRNA and protein 
abundances. To account for the experimental observations, the best fitting model 
parameters require a 3 fold lower translation rate for the eGFP-fgf8aM mRNA than 
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for the eGPF-fgf8aS mRNA, and a relatively small difference in the respective 
mRNA decay constants (kM-kS=0.010 h-1) (Section III.5.1 - Supplemental Text - 
Analysis of the reporter system).  
Interestingly, the fgf8aM and fgf8aS 3’UTRs differ only in a 71nt sequence (Fig. 
III.2a and Fig. III.3a). To assess the relative importance of this sequence to the 
fgf8aM-mediated regulation of transcript stability and translation efficiency, we 
compared the fluorescence intensities and relative transcript levels of an eGFP 
reporter fused to this sequence to those obtained with the eGFP-fgf8aM reporter. 
We found that both the fluorescence intensities and the relative transcript levels of 
the eGFP reporter fused to this sequence were equivalent to those obtained with 
the eGFP-fgf8aM reporter (Fig. III.3b,c,d). Therefore, this 71nt sequence, which we 
termed Minimal Motif (MM), appears to be both necessary and sufficient to mediate 
the post-transcriptional regulation associated with the fgf8aM 3’UTR. 
To understand the mechanisms underlying this regulation, we analysed the MM 
sequence for the presence of post-transcriptional regulatory elements. The 
TargetScanFish6.2 database reports a binding site for dre-miR-2187 in the central 
region of the MM (Fig. III.3a) (Lewis et al., 2005, Grimson et al., 2007, Ulitsky et al., 
2012). Furthermore, the available miRBase expression data indicates that this miR 
is expressed during development, in particular at 24 hpf (Kozomara and Griffiths-
Jones, 2014). This prediction therefore suggests that the dre-miR-2187 could be 
involved in the MM-mediated post-transcriptional regulation. 
In conclusion, our results reveal a significant impact of the presence of the MM 
sequence on mRNA expression. Therefore, even though the endogenous levels of 
the fgf8aS 3’UTR are much lower than those of the fgf8aM 3’UTR, transcripts with 
the fgf8aS 3’UTR are likely to contribute significantly to Fgf8a protein synthesis due 
to the absence of the MM. 
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Fig. III.3 – The MM is necessary and sufficient to mediate the fgf8aM-associated post-
transcriptional regulation and this regulation is not substantially affected by the 
fa3uiMO. 
(a) Illustration of the MM sequence, the fgf8aS and fgf8aM PASs and polyadenylation sites 
(arrowheads), the predicted miR-2187 binding site and the fa3uiMO binding site. (b) 
Schematic representation of the experimental setup. eGFP mRNAs with either fgf8aM or 
MM were co-injected with mCherry mRNA at the 1-cell stage. At 24 hpi (c) fluorescence 
intensities were measured and (d) relative reporter mRNA levels determined by RT-qPCR. 
(e) Schematic representation of the experimental setup. eGFP-fgf8aM mRNA was co-
injected with mCherry mRNA and either CtrMO or fa3uiMO at the 1-cell stage. At 24 hpi (f) 
fluorescence intensities were measured and (g) relative reporter mRNA levels determined 
by RT-qPCR.  (c,f) Mean eGFP fluorescence intensities, normalized to mCherry 
fluorescence intensities. (d,g) Relative eGFP mRNA levels normalized to mCherry mRNA 
levels. (c,d,f,g) Data show mean ±SEM (*p<0.05). Representative images of embryos for 
each condition are shown. 
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III.2.2 Interference with alternative PAS usage potentiates Fgf 
signalling 
 
To investigate the functions of the fgf8aS and fgf8aM 3’UTRs, we used TALEN and 
CRISPR/Cas9 technologies to modify relevant sequences in the MM, with no 
success (Section III.4.1.2). We believe this was due to the low GC-content of this 
genomic region, a sequence feature which has been previously shown to be 
associated with ineffective mutagenesis (Liu et al., 2016, Wang et al., 2014, Doench 
et al., 2014, Gagnon et al., 2014). 
Therefore, to address the functional relevance of the fgf8aS and fgf8aM 3’UTRs we 
designed a morpholino oligo against the central region of the MM, which we termed 
fgf8a alt3’UTR interference morpholino (fa3uiMO) (Fig. III.3a). By targeting the MM, 
our aim was to disrupt either the post-transcriptional regulation mediated by the 
fgf8aM 3’UTR or the alternative PAS selection process. 
Morpholino oligonucleotides have been previously used, as target protector 
molecules, to disrupt post-transcriptional regulation events. In their capacity as 
target protectors, morpholinos bind to regulatory RNA elements blocking their 
interaction with post-transcriptional regulators (e.g. miRs or RBPs), and thus protect 
the transcript from the resulting regulation of mRNA stability and/or translation 
efficiency (Choi et al., 2007, Staton et al., 2011, Cibois et al., 2010). 
The fa3uiMO was designed to protect the predicted miR-2187 target site (Fig. III.3a) 
and its effect on the fgf8aM-mediated post-transcriptional regulation was assessed 
by co-injecting the fa3uiMO with eGFP-fgf8aM mRNA and analysing the resulting 
effects on reporter fluorescence and relative reporter mRNA levels. We would 
expect that if the predicted miR-2187-fgf8aM interaction had a significant 
contribution to the post-transcriptional repression mediated by this 3’UTR, the 
fa3uiMO would disrupt this interaction and thus bring about an increase in eGFP-
fgf8aM reporter fluorescence and/or relative transcript levels. However, we found 
that the presence of the fa3uiMO had a minor effect on eGFP-fgf8aM reporter 
fluorescence (9% reduction) (Fig. III.3e,f) and did not affect the relative transcript 
levels of the eGFP-fgf8aM reporter (Fig. III.3e,g). These results therefore argue 
against a role for the miR-2187 in the regulation of fgf8a expression.  
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In addition, the observation that the fa3uiMO had a negligible impact on eGFP-fgf8aM 
reporter expression, both at the mRNA and at the protein level (Fig. III.3f,g), 
indicates that this morpholino does not interfere substantially with either the stability 
or with the translation efficiency of transcripts with the fgf8aM 3’UTR. Therefore, we 
conclude that the fa3uiMO does not effectively disrupt these post-transcriptional 
regulation mechanisms.  
Considering that the fa3uiMO target sequence is directly upstream of the fgf8aM 
polyadenylation signal (Fig. III.3a), we next sought to determine if the fa3uiMO could 
be used to interfere with the endogenous fgf8a alternative PAS selection process. 
To address this question, we assessed the impact of fa3uiMO injection on the 
endogenous fgf8a transcript and alt3’UTR levels, using the previously described RT-
qPCR approach (Fig. III.1c). At 24 hpf, using primers that target the coding 
sequence we observed that the presence of the fa3uiMO led to a 2.5 fold increase in 
total fgf8a mRNA levels, (Fig. III.4a, pCDS2). A similar increase (2.7 fold) was 
observed when using primers that detect both the fgf8aS and fgf8aM 3’UTRs (Fig. 
III.4a, pUTRs3-7). However, when using primers that detect the fgf8aM 3’UTR, but 
not the fgf8aS 3’UTR, we observed a smaller increase in transcript levels (1.8 fold) 
in fa3uiMO morphants (Fig. III.4a, pUTRs4-7). A similar trend was observed in 
fa3uiMO morphants at the 8 ss (Fig. III.4b), albeit with less pronounced fold changes 
in transcript levels when using the pCDS2 (1.3 fold) and pUTRs3-7 (1.4 fold) primers 
and no significant difference in relative transcript levels when using the pUTRs4-7 
primers. 
Furthermore, while the relative abundance of the longer 3’UTRs (altUTRs-5 to -7) 
did not change at 24 hpf (Fig. III.4a, pUTRs5-7), a significant reduction was detected 
at the 8 ss in fa3uiMO morphants (Fig. III.4b, pUTRs5-7). However, given the low 
abundance of these longer 3’UTRs in the developing embryo (4.5-7.4%, Table 
III.S1), their contribution to the system is negligible and therefore we did not consider 
them in the global analysis of fgf8 expression. 
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Fig. III.4 – fa3uiMO morphants display a shift in PAS usage preferences. 
(a,b) RT-qPCR quantification of the relative endogenous fgf8a transcript and indicated 
alt3’UTR levels in CtrMO and fa3uiMO morphants (a) at 24 hpf and (b) at the 8 ss. (a,b) The 
pCDS2 primer pair recognizes the fgf8a coding sequence. The pUTRs3-7 primer pair 
recognizes transcripts with the fgf8aS UTR, the fgf8aM UTR and the longer alt3’UTRs -5 to 
-7. The pUTRs4-7 primer pair recognizes transcripts with the fgf8aM UTR and the longer 
alt3’UTRs -5 to -7, but not transcripts with the fgf8aS UTR. The pUTRs5-7 primer pair only 
recognizes transcripts with the longer alt3’UTRs -5 to -7. Data show mean ±SEM (*p<0.05; 
** p<0.01). (c) Estimated relative percentages of the fgf8aM and fgf8aS 3’UTRs under CtrMO 
and fa3uiMO morphant conditions at the 8 ss and at 24 hpf and schematic representation of 
the mathematical model. Black arrows represent transcription, APA and translation. Grey 
arrows represent mRNA and protein decay. Parameters in blue highlight key points of the 
fa3uiMO-mediated interference. For more details see Section III.5.1 - Supplemental text. 
 
From these results we conclude that there is a differential increase in the relative 
levels of the fgf8aS 3’UTR compared to the fgf8aM 3’UTR in the presence of fa3uiMO 
(pUTRs3-7 and pUTRs4-7 in Fig. III.4a,b). The simplest explanation for these 
observations is that the fa3uiMO interferes with the endogenous PAS selection 
process, leading to a more pronounced usage of the fgf8aS PAS. However, this 
intuitive interpretation is limited by the fact that we are only quantifying the change 
in transcript abundance between the control and fa3uiMO injected embryos for each 
primer pair, and the fact that the signal from the primer pair pUTRs3-7 represents 
the sum of both the fgf8aS and fgf8aM 3’UTRs. Furthermore, these results reveal 
an overall increase in total fgf8a transcript levels (pCDS2 in Fig. III.4a,b), which was 
not expected to emerge from the proposed shift in PAS usage. 
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Therefore, to gain a better understanding of the fa3uiMO-mediated interference with 
PAS selection and address the nature of the observed increase in total fgf8a 
transcript levels, we resorted to mathematical modelling of the kinetics of fgf8a 
expression (Section III.5.1 - Supplemental Text). The data obtained in the 
fluorescent reporter assays (Fig. III.2) were used to estimate the mRNA decay and 
translation rate constants imposed by the fgf8aS and fgf8aM 3’UTRs (Section III.5.1 
- Supplemental Text - Analysis of the Reporter system). In addition, the model 
incorporates the RT-qPCR data assessing the impact of the fa3uiMO on the 
endogenous target expression (Fig. III.4a,b and Section III.5.1 - Supplemental Text 
- Model of endogenous fgf8a expression). This approach allowed us to integrate the 
results obtained using the reporter constructs and endogenous targets, into a 
comprehensive model of the endogenous fgf8a gene-to-protein pathway (Fig. 
III.4c). 
We began by using the mathematical model to calculate the relative fractions of 
transcripts produced with each 3’UTR in control and fa3uiMO conditions. This 
analysis estimates that in control conditions 11-19% of transcripts are produced with 
the fgf8aS 3’UTR, whereas in the presence of the fa3uiMO this percentage increases 
to 36-46% at 24 hpf and 31-42% at the 8 ss (Fig. III.4c and Section III.5.1 - 
Supplemental Text). The model can simulate this change in UTR abundance by 
altering the parameter defining the selection of the polyadenylation site (Section 
III.5.1 - Supplemental Text). This supports the conclusion that the presence of the 
fa3uiMO stimulates the usage of the fgf8aS PAS. Furthermore, the similarity between 
the values obtained for 24 hpf and 8 ss indicates that the effect of the fa3uiMO on 
PAS usage is consistent between both developmental stages. 
Interestingly, since the fgf8aS 3’UTR supports a higher translation efficiency (Fig. 
III.2b), the model predicts that the fa3uiMO-induced increase in fgf8aS PAS usage 
would lead to a 40-60% increase in Fgf8a protein levels (Section III.5.1 - 
Supplemental Text). 
Furthermore, our model revealed that this shift in PAS usage, on its own, would not 
be sufficient to account for the observed increase in total fgf8a transcript levels in 
fa3uiMO morphants. The simplest way to mathematically account for this increase is 
to accompany the shift in PAS usage with an increase in fgf8a transcription (Section 
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III.5.1 - Supplemental Text). To address this increase in fg8a transcription, we 
propose the presence of a direct or indirect positive feedback element. In essence, 
the enhanced production of the fgf8aS 3’UTR is predicted to lead to an increase in 
Fgf8a protein levels (Section III.5.1 - Supplemental Text and Fig. III.2b), which in 
turn is expected to induce an overactivation of Fgf signalling. By introducing a 
feedback element whereby this overactivation of Fgf signalling leads to a positive 
modulation of the transcription of the fgf8a gene, we were able to accurately 
reproduce the observed increase in fgf8a mRNA levels in the mathematical 
model as an indirect response to the shift in PAS usage (Section III.5.1 - 
Supplemental Text and Fig. III.4c). 
Taken together, our results indicate that the fa3uiMO induces a shift in PAS selection 
preferences, favouring fgf8aS PAS usage, along with an increase in total fgf8a 
transcript levels which could emerge from feedback-based mechanisms. 
We next evaluated if the increase in fgf8a mRNA levels in the presence of the 
fa3uiMO was spatially uniform in the embryo. Using whole-mount in situ hybridization 
(WISH), we observed a greater increase in fgf8a mRNA levels in the optic stalks 
and diencephalon than in the MHB (Fig. III.5a). Additionally, using RT-qPCR, we 
showed that in fa3uiMO morphants the increase in total fgf8a transcript levels was 
more pronounced in anterior (2.4 fold) than in posterior (2.0 fold) tissues (Fig. III.5b). 
These results reveal the presence of tissue-specific responses to the fa3uiMO. Since 
the Fgf pathway interacts with varied signalling pathways in different tissues 
(Pownall and Isaacs, 2010), these tissue-specific responses could arise from tissue-
specific differences in the mechanisms underlying the previously proposed 
feedback element.  
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Fig. III.5 – fa3uiMO morphants display an increase in Fgf signalling. 
(a) WISH for the coding sequence of fgf8a at 24 hpf in CtrMO and fa3uiMO morphants. os, 
optic stalks; di, diencephalon; MHB, midbrain-hindbrain boundary. (b) RT-qPCR 
quantification of the endogenous relative fgf8a transcript levels in microdissected anterior 
and posterior tissues of 24 hpf CtrMO and fa3uiMO injected embryos. For an Illustration of the 
microdissection procedures performed see Fig. III.1b. (c) Immunohistochemistry for 
pErk1/2 (Phospho-p44/42MAPK) at 28 hpf in CtrMO and fa3uiMO morphants. (d,e) WISH (28 
hpf) and RT-qPCR quantification (24 hpf) of the relative mRNA levels of (d) dusp6 and (e) 
etv5b in CtrMO and fa3uiMO morphants. (b,d,e) Data show mean ±SEM (*p<0.05; ** 
p<0.01;***p<0.001). 
 
To determine if the overall effects of the fa3uiMO on fgf8a at the transcript level 
effectively led to a modulation of Fgf signalling we analysed the phosphorylation of 
Erk1/2, an effector of Fgf signalling, and the expression of the Fgf downstream 
targets dusp6 and etv5b in fa3uiMO morphants. We found an increase in the 
activated forms of Erk1/2, primarily in the eye-field (Fig. III.5c) and, using RT-qPCR 
and WISH, we observed an increase in the expression levels of dusp6 and etv5b 
(Fig. III.5d,e). These results show that the fa3uiMO mediates an activation of Fgf 
signalling. 
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III.2.3 Interference with fgf8a PAS usage selectively affects 
sensory system development 
 
We next took advantage of the fa3uiMO-induced shift in fgf8a PAS usage to address 
the impact of interfering with this process on embryonic development. We began by 
focusing on developmental processes that are known to be dependent on, or 
affected by, Fgf8a. 
In the otic vesicle, we observed that fa3uiMO morphants showed a downregulation of 
neurog1 in the statoacoustic ganglion, indicating an impairment of neuroblast 
specification (Fig. III.6a). Furthermore, we observed a reduction in isl1 expression, 
which suggests an inhibition of neuronal maturation (Fig. III.6b). Both observations 
are consistent with previous studies conducted in the context of a strong activation 
of fgf8a expression at 24 hpf using a heat-shock promoter (Vemaraju et al., 2012). 
In the forebrain, fa3uiMO morphants presented defects in axon guidance in the 
anterior commissure (Fig. III.6c). This is consistent with the defects observed in 
commissure formation in ace and aus mutants, which display a depletion and 
overexpression of fgf8a, respectively (Shanmugalingam et al., 2000, Heisenberg et 
al., 1999). 
Interestingly, earlier developmental processes known to involve Fgf8a, were not 
compromised in fa3uiMO morphants. Namely, we did not observe noticeable 
gastrulation defects, alterations in the tailbud mesodermal progenitor population 
(Fig. III.6d) or defects in somite formation (Fig. III.6e). Furthermore, MHB patterning 
also appeared to be unaffected in fa3uiMO morphants (Fig. III.6f,g). 
These results reveal that the fa3uiMO mediated interference with fgf8a PAS selection 
affects primarily developmental processes taking place at later stages of 
development and in more anterior tissues associated with the sensory system. This 
is in line with our observation that fgf8 transcript levels were more substantially 
affected by the fa3uiMO at later (24 hpf) than earlier stages (8 ss), with different 
tissues displaying different magnitudes of this effect (Fig. III.4a,b and Fig. III.5a,b). 
These spatially and temporally specific responses to the fa3uiMO likely reflect the 
distinct mechanisms involved in the different functions of Fgf8a throughout 
development (Pownall and Isaacs, 2010). 
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Fig. III.6 – Assessment of fgf8a-associated developmental processes in fa3uiMO 
morphants. 
(a) WISH for neurog1 at 30 hpf in CtrMO and fa3uiMO morphants. (b) WISH for isl1 at 36 hpf 
in CtrMO and fa3uiMO morphants. Arrows indicate the mature neuronal population of the 
statoacoustic ganglion. (a,b) Dorsolateral views, anterior to the left. The otic vesicle is 
outlined. (c) Immunohistochemistry for acetylated-tubulin at 36 hpf in CtrMO and fa3uiMO 
morphants. (d-g) WISH in CtrMO and fa3uiMO morphants for (d) the tailbud progenitor marker 
ta, (e) the somite boundary marker xirp2a, mean ±SEM number of somites for each 
condition, (f) the MHB markers en2a and (g) her5, (d,f,g) at 28 hpf, (e) at 48 hpf. 
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We additionally observed abnormalities in fa3uiMO morphants regarding the 
formation of the superficial ocular vasculature (Kaufman et al., 2015). Using a 
kdrl:mCherry transgenic line, which labels endothelial cells, we found that fa3uiMO 
morphants displayed an increased number of superficial ocular radial vessels when 
compared to control embryos (Fig. III.7a,c). This increase was partially rescued by 
a mild activation of the dominant-negative form of Fgfr1 (Fig. III.7b,c), suggesting 
an involvement of Fgf signalling in superficial ocular vascularization. 
To determine the effect of Fgf signalling depletion on the formation of this vascular 
system, we analysed the ocular vasculature of ace mutant embryos and embryos 
expressing the hs:dnfgfr1 transgene. We found no noticeable difference in the 
number of radial vessels formed in these conditions, relative to controls. However, 
both ace mutants and hs:dnfgfr1+/- embryos showed a delay in the formation of the 
superficial annular vessel (SAV) at 48 hpf (Fig. III.7f,i, arrows in Fig. III.7d,g). By 72 
hpf, ace mutants recovered from this delay while hs:dnfgfr1+/- embryos still 
presented an incomplete SAV (Fig. III.7f,i,e, arrow in Fig. III.7h). Furthermore, we 
detected morphological abnormalities, primarily an increase in the width of the SAV 
vessel, in hs:dnfgfr1+/- embryos but not in ace mutants (Fig. III.7i, arrowheads in 
Fig. III.7g,h). 
Taken together these results reveal a previously undescribed role for Fgf signalling 
in the early stages of superficial ocular vascularization. 
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Fig. III.7 – Fgf signalling is involved in the early stages of superficial retinal 
vascularization. 
(a-c) Superficial ocular vasculature of 48 hpf kdrl:mCherry embryos (a) injected with CtrMO 
or fa3uiMO (b) injected with fa3uiMO with and without the hs:dnfgfr1+/- transgene, under mild 
heat-shock conditions. (c) Mean number of ocular radial vessels ±SEM (**p<0.01; 
***p<0.001). (d-i) Superficial ocular vasculature of (d,e) ace(fgf8a-/-), kdrl:mCherry embryos 
and siblings (g,h) hs:dnfgfr1+/-, kdrl:mCherry embryos and siblings under strong heat-
shock conditions (d,g) at 48 hpf (e,h) at 72 hpf (f,i) Percentage of eyes with wildtype SAV, 
incomplete SAV formation (iSAV, Arrows) and abnormal SAV morphology (aSAV, 
Arrowheads). 
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III.3  DISCUSSION 
 
Alternative polyadenylation in the 3’UTR is remarkably prevalent during embryonic 
development, with studies in zebrafish revealing that approximately half of all 
expressed protein-coding genes undergo 3’UTR APA during embryogenesis 
(Ulitsky et al., 2012, Li et al., 2012). However, the functional relevance of individual 
APA events has remained largely unaddressed. While investigating the 3’UTR-
dependent regulation of fgf8a expression during embryonic development we came 
across multiple alternative 3’UTRs reported in different databases and 
transcriptome profiling datasets (Table III.S1). This study was focused on assessing 
the impact of the two most abundant fgf8a alt3’UTRs on gene expression, and 
addressing their functional relevance to embryonic development. 
The emerging picture for the post-transcriptional regulation of fgf8a expression is 
somewhat distinct from the trends reported by large scale studies of gene 
expression control and alternative polyadenylation. Firstly, a study conducted in 
mouse fibroblast cells revealed that alternative 3’UTRs tend to have a limited impact 
on mRNA stability and protein translation (i.e., <20%) (Spies et al., 2013). Here we 
demonstrate that the most abundant alt3’UTR - fgf8aM - is associated with a strong 
inhibition of protein synthesis (Fig. III.2b,d), with the source of this differential post-
transcriptional regulation residing in a 71nt sequence motif, termed minimal motif 
(MM) (Fig. III.3b,c,d). Furthermore, we observed that a shift from distal to proximal 
PAS usage has a significant impact on Fgf signalling levels (Fig. III.4 and Fig. III.5). 
Secondly, genome wide studies report that average 3’UTR lengths tend to vary 
throughout the progression of embryonic development (Li et al., 2012, Ulitsky et al., 
2012, Ji et al., 2009, Sanfilippo et al., 2017, Mangone et al., 2010), with several 
genes also displaying tissue-specific alternative PAS usage preferences (Ulitsky et 
al., 2012, Sanfilippo et al., 2017, Hilgers et al., 2011, Miura et al., 2013). In contrast, 
our results indicate that, for the fgf8a gene, endogenous alternative PAS usage 
seems to remain relatively stable across the tissues and developmental stages 
analysed (Fig. III.1). Therefore, we propose that in this specific case, APA can act 
to fine-tune overall protein levels within each cell. 
To address the functions of the fgf8aS and fgf8aM 3’UTRs we initially resorted to 
TALEN and CRISPR/Cas9 technologies, to modify relevant sequences in the MM, 
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with no success (Section III.4.1.2). Both CRISPR/Cas9 and TALEN technologies 
have been previously used successfully in our lab (Ribeiro et al., 2017, Pinto et al., 
2018). We believe that in this case, site directed mutagenesis was unsuccessful due 
to the very low G/C content of the MM sequence. As previously shown, mutagenesis 
efficiency is dependent on the G/C content of the target sequence, with guide RNAs 
targeting regions with either very low or very high G/C contents, being less efficient 
(Liu et al., 2016, Wang et al., 2014, Doench et al., 2014, Gagnon et al., 2014). An 
additional sequence-specific factor, known to influence mutagenesis efficiency, 
which could have contributed to our inability to generate a stable mutant line is the 
local chromatin structure (Chen et al., 2017b, Wu et al., 2014, Kuscu et al., 2014). 
The fa3uiMO was therefore used in this study, to address the functional importance 
of the fgf8a alt3’UTRs. 
Sequence analysis of the fgf8aM alt3’UTR using the TargetScanFish algorithm 
revealed a predicted binding site for dre-miR-2187 in the MM region (Fig. III.3a). 
miRs have well-established roles in the post-transcriptional regulation of gene 
expression, through the modulation of translation efficiency and mRNA decay, in 
several model organisms (Fabian et al., 2010, Alvarez-Garcia and Miska, 2005). In 
this study, the fa3uiMO, which directly targets the predicted miR-2187 binding site, 
was used as a target protector morpholino, to address the potential significance of 
this predicted miR-MM interaction. However, as shown in Fig. III.3e,f,g, the 
expression levels of the eGFP reporter containing the fgf8aM alt3’UTR were not 
restored by co-injection of the fa3uiMO. This result indicates that the dre-miR-2187 
is unlikely to be involved in the MM-associated regulation, and consequently, that 
this predicted miR-MM interaction does not have a meaningful role in the regulation 
of fgf8a expression in vivo. Therefore, the mechanism that underlies the post-
transcriptional regulation associated with the fgf8aM 3’UTR remains to be 
elucidated. 
Furthermore, the observation that the fa3uiMO had a negligible impact on the 
expression of the eGFP-fgf8aM reporter, both at the mRNA and at the protein levels 
(Fig. III.3e,f,g), indicates that this morpholino does not interfere markedly with the 
regulation of fgf8a expression at the post-transcriptional level (e.g. mRNA stability 
and translation efficiency). Therefore, we set out to determine if the fa3uiMO could 
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be used to interfere with the regulation of fgf8a expression at the co-transcriptional 
level (e.g. APA). 
In particular, the fa3uiMO targets the sequence directly upstream of the fgf8aM 
polyadenylation signal (Fig. III.3a), thus raising the possibility that it could interfere 
with the endogenous fgf8a polyadenylation. In agreement with this, we observed 
that the fa3uiMO induced a shift in PAS selection, favouring fgf8aS PAS usage (Fig. 
III.4a,b). The increase in fgf8aS PAS usage was accompanied by an increase in 
total fgf8a transcript levels, which seemed difficult to explain considering the small 
differences in transcript stability conferred by the two alt3’UTRs (Fig. III.4a,b and 
Fig. III.2c). To address this issue, we built a mathematical model that integrates the 
distinct kinetic parameters of fgf8a gene expression, from transcription to protein 
turn-over (Section III.5.1 - Supplemental Text). The aim of this modelling approach 
was to understand if, given the dynamics of the process underlying the biogenesis 
of transcripts with the fgf8aS and fgf8aM 3’UTRs and the actual experimental 
measurements obtained in our system, the observed results could be explained by 
a shift in polyadenylation efficiency between the fgf8aS and fgf8aM PASs. 
Furthermore, such a modelling approach allowed us to estimate the relative 
abundance of each mRNA species. 
Analysis of this model confirmed that our experimental observations imply a 2 to 4 
fold increase in the selection of the proximal PAS in the presence of the fa3uiMO, 
whereas the observed increase of total mRNA levels could only be efficiently 
reproduced with the inclusion of a feedback-based mechanism in the mathematical 
model (Section III.5.1 - Supplemental Text and Fig. III.4c). In conclusion, this 
modelling approach demonstrates that our experimental observations are well 
described by a simple model where the sequence targeted by the fa3uiMO is 
important for polyadenylation site selection and an overactivation of Fgf signalling 
can, directly or indirectly, positively regulate fgf8a transcription. The presence of 
such feedback mechanisms fits into a model of regulation of fgf8a gene expression 
in which alternative polyadenylation is part of a fine-tuning system that coordinates 
protein expression levels with cellular needs. 
The shift in PAS usage preferences brought about a spatially and temporally specific 
impact on embryonic development (Fig. III.6). These responses to the fa3uiMO likely 
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reflect the complex mechanisms and inter-pathway crosstalk events involved in the 
different functions of Fgf8a during development (Pownall and Isaacs, 2010). For 
instance, previous work done in mouse has shown that, during commissural plate 
patterning, a reciprocal induction loop is present between Fgf8 and Sp8 in the 
forebrain, with Sp8 acting as a transcriptional activator of Fgf8 (Sahara et al., 2007). 
Therefore, the presence of an analogous positive feedback element in the zebrafish 
forebrain, could underlie the enhanced response to the fa3uiMO observed in these 
tissues at 24 hpf (Fig. III.5a), and the subsequent disruption of commissure 
formation (Fig. III.6c). 
In addition, by targeting this mechanism of fgf8a expression fine-tuning, we 
generated a late-onset overexpression of fgf8a without inducing fgf8a 
missexpression, which enabled the identification of a previously undescribed Fgf 
signalling function in the early stages of superficial ocular vascularization (Fig. III.7). 
In this context, the greater severity of the vascular phenotype observed in 
hs:dnfgfr1+/- embryos, when compared to ace mutants (Fig. III.7d-i), indicates that 
Fgf8a has a non-essential role in the process, with other Fgfs being likely involved. 
Indeed, concerted actions between Fgf ligands were previously reported in the 
context of zebrafish ocular development. In particular, Fgf8 and Fgf3 are both 
necessary and sufficient to initiate neuronal differentiation in the retina (Martinez-
Morales et al., 2005), and the combined action of Fgf8a, Fgf3 and Fgf24 is required 
to fully control nasal-temporal patterning of the neural retina (Picker et al., 2009). A 
potential role for these Fgfs in the vascularization of the zebrafish retina remains to 
be explored. 
The morphological abnormalities observed in the SAV vessels of hs:dnfgfr1+/- 
embryos (Fig. III.7i and arrowheads in Fig. III.7g,h) might derive from an impaired 
capacity to maintain vessel integrity. In fact, Fgf signalling has been shown to play 
an important role in the maintenance of intersomitic vascular integrity in zebrafish 
embryos (De Smet et al., 2014). In addition, a study done in mouse described a role 
for FGF signalling at later stages of superficial ocular vascularization, specifically 
during choroidal angiogenesis (Rousseau et al., 2003). In light of this, our results 
are strongly indicative of an earlier requirement for Fgf signalling, specifically in the 
initial stages of superficial retinal vasculature assembly, with this pathway appearing 
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to contribute, not only to the timely induction of superficial vessel formation, but also 
to the structural integrity of this vascular system (Fig. III.7g-i). 
Interestingly, the Vascular Endothelial Growth Factor (VEGF) and Hedgehog 
signalling pathways have also been implicated in the formation of the superficial 
ocular vasculature in the zebrafish embryo (Weiss et al., 2017). Various synergistic 
effects and pathway crosstalk events have been described, between the FGF and 
VEGF pathways, in multiple angiogenic contexts (Presta et al., 2005). Therefore, a 
potential synergy between these pathways may underlie the especially enhanced 
response to the fa3uiMO observed in the eye field (Fig. III.5c) and contribute to the 
observed vascular phenotype (Fig. III.7a,c). Future studies are required to 
determine if FGF-VEGF crosstalk mechanisms are present in this context. 
In conclusion, to the extent of our knowledge, this is the first study to address the 
functional impact of the 3’UTR APA of a regulator of vertebrate embryonic 
development. 
By inducing a shift in fgf8a PAS usage preferences we brought about a spatially and 
temporally specific impact on embryonic development. In addition, this approach 
enabled the identification of a previously undescribed role for Fgf signalling in the 
early stages of zebrafish ocular vascularization.  
These findings highlight the importance of addressing gene expression fine-tuning 
mechanisms, and 3’UTR APA in particular, to fully understand gene and pathway 
functions in embryonic development. 
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III.4  MATERIALS AND METHODS 
 
The fibroblast growth factor 8a gene is listed in the National Center for 
Biotechnology Information (NCBI) under the Gene ID 30538, and in the Zebrafish 
Information Network (ZFIN) under the identifier ZFIN:ZDB-GENE-990415-72. 
III.4.1 Zebrafish lines 
 
Adult zebrafish and embryos were maintained and bred under standard laboratory 
conditions (Westerfield, 2000). Embryonic staging was done according to (Kimmel 
et al., 1995). 
III.4.1.1 Transgenic and mutant lines 
 
This work was carried out using AB wildtype strains, a transgenic Tg(hsp70l:dnfgfr1-
EGFP) (Lee et al., 2005) line, a transgenic Tg(kdrl:Hsa.HRAS-mCherry) (Chi et al., 
2008) line and a mutant fgf8ati282a (Reifers et al., 1998) line.  
The hs:dnfgfr1 transgene codes for a heat-shock inducible dominant negative form 
of the fgfr1 gene (Lee et al., 2005) and the kdrl:mCherry line labels endothelial cells 
(Chi et al., 2008). hs:dnfgfr1 and kdrl:mCherry transgenic embryos were generated 
from outcrosses of heterozygous adults. 
The fgf8ati282a allele has a G to A mutation in the 5’ splice donor site following exon 
4, which leads to exon 4 skipping, and a consequent frameshift in exon 5. This 
frameshift is predicted to lead to a premature stop codon (Reifers et al., 1998). 
fgf8ati282a/ti282a (ace) embryos were generated from outcrosses of fgf8ati282a/+ adults 
with fgf8ati282a/+, kdrl:mCherry+/- adults. 
For the heat-shock experiments performed on fa3uiMO injected morphants, embryos 
were raised at 28ºC and heat-shocked at 24 hpf at 38ºC for 5 minutes. For the 
remaining heat-shock experiments, embryos were raised at 28ºC and heat-shocked 
at 20 hpf at 39ºC for 5 minutes. 
Imaging of transgenic embryos was done using Zeiss LSM 880 and Zeiss LSM 710 
confocal point-scanning microscopes. Representative images are maximum 
intensity projections of confocal z-stacks. 
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III.4.1.2 TALEN and Crispr mutagenesis 
 
To investigate the functions of the fgf8aS and fgf8aM 3’UTRs we set out to generate 
zebrafish mutant lines carrying mutations in the MM, fgf8aS PAS and fgf8aM PAS. 
We designed two CRISPR guide RNAs and one TALEN pair against the fgf8aM 
PAS (Fig. III.M1a,b). An additional TALEN pair was produced against the fgf8aS 
PAS (Fig. III.M1c), and lastly, two TALEN pairs were designed against the fgf8aS 
and fgf8aM polyadenylation sites which flank the MM sequence (Fig. III.M1d). The 
last two TALEN pairs were used in conjunction with the aim of excising the full MM 
sequence. 
CRISPR guide RNA design was done as described in (Talbot and Amacher, 2014) 
and pCS2nCas9n was a gift from Wenbiao Chen (Addgene plasmid # 47929) (Jao 
et al., 2013). Guide RNA and Cas9 mRNA production was done as described in 
(Gagnon et al., 2014). 
TALEN design was done using the TAL Effector Nucleotide Targeter 2.0 and Paired 
Target Finder web tools as described in (Doyle et al., 2012). TALEN construct 
assembly and TALEN mRNA production was done using the golden gate approach 
described in (Cermak et al., 2011, Dahlem et al., 2012). 
Microinjection procedures were done at the 1-cell stage using AB wildtype zebrafish 
embryos and an injection volume of 1.4nL/embryo. Each guide RNA was co-injected 
with Cas9 mRNA, and for each TALEN pair a 1:1 molar ratio of each TALEN mRNA 
in the pair was used. Several RNA concentrations were tested for each mutagenesis 
strategy. 
To assess mutagenesis efficiency, genomic DNA was extracted from pools of 
microinjected embryos, between 24 hpf and 48 hpf, using the HotShot protocol 
(Meeker et al., 2007). The genomic region targeted was PCR amplified using the 
following primers Fw 5’-TCGCAGGTTTCCTACCGTG-3’, Rv 5’-
ATGTACTTTTCATTTTGTTCCACAG-3’. The presence of mutations was evaluated 
using Sanger sequencing (Stabvida) and the T7 Endonuclease I method (Reyon et 
al., 2012). All the mutagenesis strategies carried out in this study were inefficient. 
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Fig. III.M1- Schematic representation of the mutagenesis strategies used in this work.  
(a) Illustration of the sequences targeted by the guide RNAs used in this work (blue). (b,c,d) 
Illustration of the sequences targeted by the TALEN pairs used in this work (blue). (a-d) 
Sequences highlighted in green correspond to the fgf8aS (PAS-3) and fgf8aM (PAS-4) 
polyadenylation signals; Sequences highlighted in orange correspond to the fgf8aS (p(A)S-
3) and fgf8aM (p(A)S-4) polyadenylation sites. 
 
Since we were unable to generate germline mutations in the MM, fgf8aS PAS or 
fgf8aM PAS, we adopted a morpholino-based approach to assess the functional 
relevance of these sequences (Section III.4.2).  
 
TTTAAAAACCTGTAATAAATTTACCTTAGGATACTGA
p(A)S-4PAS-4
Guide 1
Guide 2
CDS 3’UTR
TGATGAAAATATTTATTTAAAAACCTGTAATAAATTTACCTTAGGATACTGATGTCTTTTGCTTA
CDS 3’UTR
p(A)S-4PAS-4
MPAS Tal1 MPAS Tal2
CDS 3’UTR
p(A)S-3PAS-3
SPAS Tal1 SPAS Tal2
TGTTGCATTTTGTTTGTCTGTTTTTTTATACAAATATAAATATATTTTTATTTGAGGATGTGTAAA
CDS 3’UTR
TAAAAACCTGTAATAAATTTACCTTAGGATACTGATGTCTTTTGCTTAATATGTTCCTGA
p(A)S-4PAS-4
TGTTTGTCTGTTTTTTTATACAAATATAAATATATTTTTATTTGAGGATGTGTAAAATAATTTTAATGATGA
MM Tal1 MM Tal2
PAS-3 p(A)S-3
MM Tal4MM Tal3
(a)
(b)
(c)
(d)
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III.4.2 Morpholino oligonucleotides 
 
The antisense morpholino oligonucleotides used in this study were obtained from 
Gene Tools. 
To investigate the functions of the fgf8aS and fgf8aM 3’UTRs we used the following 
fgf8a alt3’UTR interference morpholino (fa3uiMO):  
5’-ACAGGTTTTTAAATAAATATTTTCATCA-3’.  
Control experiments were done by injecting sibling embryos with standard control 
morpholino (CtrMO): 
 5’-CCTCTTACCTCAGTTACAATTTATA-3’.  
The fa3uiMO and the CtrMO were injected into 1-cell stage embryos at 6ng/embryo, 
using an injection volume of 1.4nL/embryo. 
A schematic representation of the fa3uiMO binding site is presented in Fig. III.3a.  
 
III.4.3 RT-qPCR  
 
Microdissections were performed on dechorionated embryos, in Leibovitz’s L-15 
medium (Invitrogen) with 0.016% (w/v) of ethyl 3-aminobenzoate (tricaine), using a 
fine pointed scalpel and tungsten needle. The microdissection procedures carried 
out in this study are illustrated in Fig. III.1b.  
At least three biological replicates were collected per experimental condition, from 
different breeders. For the conditions where whole embryos were used, each 
biological replicate corresponds to a pool of 20 to 40 embryos. For the conditions 
where microdissected 24 hpf tissue samples were used, each biological replicate 
corresponds to a pool of 30 to 40 individual tissue samples. For the conditions where 
microdissected 8 ss tissue samples were used, each biological replicate 
corresponds to a pool of 70 individual tissue samples. 
Total RNA extractions were done using TRIzol (Invitrogen), according to the 
manufacturers protocol. In the experimental conditions where whole embryos were 
used, RNA extractions were done using 0.5-1mL of TRIzol per 20 embryos. In the 
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experimental conditions where microdissected tissue samples were used, RNA 
extractions were done using 1mL of TRIzol per 10 tissue samples. 
Following RNA extraction an in-tube DNAseI digestion (Zymo Reseach) step was 
carried out to remove residual genomic DNA, followed by an RNA purification step 
using the RNA Clean & Concentrator™-5 kit (Zymo Reseach).  
cDNA was synthetized from the purified total RNA samples using either the 
DyNAmo cDNA Synthesis Kit (Thermo) or the ProtoScript® II First Strand cDNA 
Synthesis Kit (NEB). For the fluorescent reporter experiments a random hexamer 
primer mix was used, and for the remaining experiments an oligo(dT) primer mix 
was used.  
RT-qPCR reactions were performed using Power SYBR® Green PCR Master Mix 
(Applied Biosystems) and the primers used are listed in Table III.M1. 
For the fluorescent reporter experiments (Fig. III.2c and Fig. III.3d,g), the primers 
used were designed to specifically target the coding sequences of eGFP and 
mCherry. For the pUTR and pCDS primer sets, primer design was done as 
illustrated in Fig. III.1c and detailed in the corresponding figure legend. For these 
sets of primers, primer concentrations and annealing temperatures were optimized 
using 24 hpf and 8 ss wildtype whole embryo cDNA. All relative fold changes in 
transcript levels were determined using the standard curve method (Pfaffl, 2001). 
For the experiments done using wildtype whole embryo and microdissected tissue 
samples (Fig. III.1d-f), the standard curves were done using serial dilutions of a DNA 
template. This template was amplified from wildtype genomic DNA with the following 
primers Fw: 5’-ATTGGCAAGAAAAATGGTCTGGGAAAAGACTG-3’ and Rv: 5’-
ATCTTGGCTTTCGGCTCCTT-3’. In this set of experiments quantities were 
normalized to pCDS2. The results shown are relative to the whole embryo condition, 
except in comparisons between 8 ss whole embryo and 24 hpf whole embryo (Fig. 
III.1f) where values are relative to the 24 hpf whole embryo condition. 
For the experiments done with fa3uiMO and CtrMO injected whole embryo and 
microdissected tissue samples (Fig. III.4a,b and Fig. III.5b,d,e), the standard curves 
were done using serial dilutions of wildtype cDNA from the respective tissue 
sources. In this set of experiments quantities were normalized to ef1a, and the 
results shown are relative to the CtrMO condition. 
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For the fluorescent reporter experiments shown in Fig. III.2c and Fig. III.3d, the 
standard curves were done using serial dilutions of cDNA obtained from wildtype 
embryos injected with eGFP and mCherry mRNA. For the experiment shown in Fig. 
III.3g, standard curves were done using serial dilutions of cDNA from the indicated 
control condition. In this set of experiments (Fig. III.2c and Fig. III.3d,g) quantities 
were normalized to mCherry, and the results shown are relative to the indicated 
control conditions.  
For each experimental condition, the results shown represent the mean of three 
biological replicates, with the exception of the results shown in Fig. III.3g which 
represent the mean of five biological replicates per experimental condition.  
 
Table III.M1 - Primers used for RT-qPCR. 
 
III.4.4 Fluorescent reporter assays  
 
III.4.4.1  Cloning and microinjections  
 
The fgf8a alt3’UTR and MM sequences were amplified from wildtype genomic DNA 
using the primers indicated in Table III.M2, and cloned into pCS2+eGFP (Lopes et 
al., 2010), downstream of the eGFP coding sequence, using the indicated restriction 
Target Forward primer (5’->3’) Reverse primer (5’->3’) 
pCDS1 TGGCAAGAAAAATGGTCTGGGA GCCTGGTTTTGGAGCCCTTG 
pCDS2 GCCCAAGGGACACCAAATC GGTGCGTTTAGTCCGTCTGTT 
pUTRs2-7 ACACGGTTAAAGCAAACAGAGC AGCTTTTTCCTACAGTCCATACAA 
pUTRs3-7 ATTATCGCAGGTTTCCTACCG CAAAATGCAACAAAGAACAAAAGC 
pUTRs4-7 TGCATTGTATGGACTGTAGG TATTTTACACATCCTCAAATAAAAAT 
pUTRs5-7 CTTAGGATACTGATGTCTTTTGCTT ACCCCATAGACTTTCATTGTGTTT 
eGFP GGACGACGGCAACTACAAGA TTCAGCTCGATGCGGTTCA 
mCherry GCCGACATCCCCGACTACTT GTAGATGAACTCGCCGTCCT 
dusp6 GTTCGAGAATGCCGGGGAG GTCCACGGGCCTCATCAATAAA 
etv5b TGGTGAGGGTTTTGGGTATGA CCTTCGCTGATATGGAGGGC 
ef1a (Azevedo 
et al., 2011) 
ACGCCCTCCTGGCTTTCACCC TGGGACGAAGGCAACACTGGC 
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enzymes (Table III.M2). PCR amplifications were performed using Phusion High-
Fidelity DNA Polymerase (Thermo Fisher) and DNA ligation reactions were done 
using T4 DNA Ligase (NEB). 
All the constructs produced were sequenced by Stabvida to verify the efficiency and 
accuracy of each cloning procedure.  
 
Table III.M2 – Primers and restriction enzymes used for alt3’UTR and MM cloning.  
Amplicon Forward primer (5’->3’) Reverse primer (5’->3’) 
Restriction 
Enzymes 
fgf8S 
TGTAATCGATAGAGTGAAG
CCAGAGAAAAG 
TGTTCTCGAGTCAAATAAAAATA
TATTTATATTTGTATAA 
XhoI (Promega) 
StuI (NEB) 
fgf8M 
TGTAATCGATAGAGTGAAG
CCAGAGAAAAG 
TGTTCTCGAGATCCTAAGGTAA
ATTTATTACA 
XhoI (Promega) 
StuI (NEB) 
MM GAGGATGTGTAAAATAATTT 
TGTTCTCGAGATCCTAAGGTAA
ATTTATTACA 
StuI (NEB) 
 
The pCS2-eGFP-fgf8aS, pCS2-eGFP-fgf8aM, pCS2-eGFP-MM and pCS2-mCherry 
constructs were linearized with NotI (NEB). In vitro transcriptions were performed 
using the SP6 mMessage mMachine kit (Ambion) and followed by in-tube Turbo 
DNAseI (Ambion) digestion of the template DNAs. The transcript samples were 
purified using illustra ™  MicroSpin ™  G-50 Columns (GE Healthcare) prior to 
microinjection.  
mCherry mRNA was co-injected with mRNA from each of the eGFP reporters in a 
1:1 molar ratio, into 1-cell stage zebrafish embryos. mRNAs from each reporter were 
microinjected at 0.3fmol/embryo for the experiments shown in Fig. III.2 and Fig. 
III.3b,c,d, and at 0.15fmol/embryo when co-injected with the fa3uiMO or CtrMO (Fig. 
III.3e,f,g), using an injection volume of 1.4nL/embryo. In the latter set of experiments 
these quantities equate to a 1:4267 molar ratio of reporter mRNA to fa3uiMO. 
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III.4.4.2  Image acquisition and processing  
 
Embryos were kept at 28ºC for 24 hours after injection, until imaging. Experimental 
and control embryos were dechorionated, anesthetised with 0.016% (w/v) ethyl 3-
aminobenzoate (tricaine) and mounted in 1.5% (w/v) low melting agarose on a 
glass-base petri dish for imaging. 
Imaging was done with a Zeiss Axiovert 200M widefield fluorescence microscope, 
using a 10x magnification. For the experiments shown in Fig. III.2a,b,d and Fig. 
III.3b,c eGFP exposure was set to 100ms, and mCherry exposure was set to 100ms. 
For the experiments done with the fa3uiMO and CtrMO (Fig. III.3e,f) eGFP exposure 
was set to 200ms, and mCherry exposure was set to 200ms. 
Image processing was done using ImageJ 1.44p (Schneider et al., 2012). Average 
pixel intensities were measured, for each channel and each embryo, in a circular 
section adjacent to the midbrain-hindbrain boundary. The average background pixel 
intensities were measured using an identical section in an area adjacent to the 
embryo. The background values were subtracted from those obtained for the 
embryo. The resulting intensity values obtained for eGFP were normalized to those 
obtained for mCherry in each embryo. The mean normalized fluorescence 
intensities were calculated for each experimental condition, and the values shown 
are relative to the indicated control condition. 
 
III.4.5 Whole-mount in situ hybridization and 
Immunohistochemistry 
 
The antisense RNA WISH probes used in this study were in vitro transcribed from 
the respective DNA templates following construct linearization. The restriction 
enzymes, RNA polymerases and constructs used for probe production in this study 
are indicated in (Table III.M3). 
The fgf8a-CDS probe template in particular was sub-cloned from a construct 
provided by (Reifers et al., 1998), by restriction digestion with EcoRV (NEB) and 
ScaI (NEB), into a pGEM-T Easy vector (Promega). 
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All the probes used in this study were labelled with Digoxigenin (DIG RNA labelling 
mixture, Roche). 
WISH experiments were done according to the protocol described by (Thisse and 
Thisse, 2008). Staining was performed using BM purple AP substrate (Roche), with 
the exception of the experiments done with the dusp6 and etv5b probes, in which 
staining was done as described in (Thisse and Thisse, 2008). 
 
Table III.M3 – WISH probes used in this study. For each probe, the restriction enzyme 
required for DNA construct linearization, and the RNA polymerase required for in vitro 
transcription, are indicated, along with the sources of the respective template constructs 
used.  
Probe Restriction Enzyme RNA Polymerase Template 
fgf8a-CDS ApaI SP6 (Section III.4.5) 
dusp6 ScaI T7 (Kawakami et al., 2003) 
etv5b EcoRI T7 
(Roehl and Nüsslein-
Volhard, 2001) 
neurog1 XhoI T7 (Blader et al., 1997) 
isl1 SacI T3 (Inoue et al., 1994) 
ta HindIII T7 
(Amack and Yost, 
2004) 
xirp2a SalI T7 (Thisse et al., 2001) 
eng2a XhoI T7 (Fjose et al., 1992) 
her5 XhoI T3 (Müller et al., 1996) 
 
Immunohistochemistry experiments were done according to the protocol described 
by (Matsui et al., 2011), with the following alterations. Acetylated tubulin staining 
was done using a monoclonal anti-acetylated tubulin, clone 6-11B-1 primary 
antibody (Sigma), at 1:400 working dilution. p-ERK staining was done using a 
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) primary antibody (Cell Signalling 
Technology), at 1:150 working dilution. Incubations with primary antibodies were 
done at 4ºC for approximately 40 hours. The secondary antibodies used were Alexa 
Fluor594 goat anti-Mouse (Invitrogen) and Alexa Fluor488 goat anti-Rabbit 
(Invitrogen). Both secondary antibodies were used at 1:400 working dilution and 
incubations with these antibodies were done at 4ºC overnight.   
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Image acquisition was done using a Leica Z6 PRO stereoscope, a Leica DM2500 
bright-field microscope and a Zeiss AxioZoom V16 fluorescence stereo microscope. 
 
III.4.6 Statistical analysis 
 
Statistical analysis were done using two-tailed t-test, for all the results shown, with 
the exception of the RT-qPCR results shown in Fig. III.4a,b and Fig. III.5b where 
statistical analysis was done using both two-tailed t-test and 2-way ANOVA. 
For the RT-qPCR experiments, three biological replicates were used per 
experimental condition, with the exception of the experiment shown in Fig. III.3g in 
which five biological replicates were used per experimental condition.  
For the remaining experiments, the number of biological replicates considered per 
experimental condition is indicated in the corresponding figure panel. 
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III.5  SUPPLEMENTAL DATA 
 
 
Table III.S1 – Reported alt3’UTRs for the fgf8a gene. Also shown are the relative 
abundances of each alt3’UTR reported in the indicated studies. 
Alternative 
3’UTRs 
3’UTR 
length (nts) 
Relative polyadenylation 
site usage (%) (a) 
Relative polyadenylation 
site usage (%) (b) 
altUTR-1 654 - 1.6 
altUTR-2 680 14.2 0.9 
altUTR-3 
(fgf8aS) 
728 12.5 18.7 
altUTR-4 
(fgf8aM) 
797 65.9 74.3 
altUTR-5 1242 - 3.7 
altUTR-6 1667 5.4 0.8 
altUTR-7 1829 2.0 - 
 
(a) Pooled data obtained for the following developmental stages: 0 hpf; 4 hpf; 6 hpf; 12 hpf; 
24 hpf; 48 hpf; 72 hpf; 120 hpf. Adapted from L. You, J. Wu, Y. Feng, Y. Fu, Y. Guo, L. 
Long, H. Zhang, Y. Luan, P. Tian, L. Chen, G. Huang, S. Huang, Y. Li, J. Li, C. Chen, Y. 
Zhang, S. Chen and A. Xu, APASdb: a database describing alternative poly(A) sites and 
selection of heterogeneous cleavage sites downstream of poly(A) signals, Nucleic Acids 
Res. 43, 2015, D59–D67. 
 
(b) Pooled data obtained for the following samples: Embryos:1.5–2 hpf; 4.5–5.5 hpf; 24 hpf; 
72 hpf; Mixed gender adults; Adult tissues: brain, testes, and ovaries. Adapted from I. 
Ulitsky, A. Shkumatava, C.H. Jan, A.O. Subtelny, D. Koppstein, G.W. Bell, H. Sive and D.P. 
Bartel, Extensive alternative polyadenylation during zebrafish development, Genome Res. 
22, 2012, 2054–2066. 
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III.5.1 Supplemental Text 
 
Analysis of the reporter system 
24 hours-post-injection eGFP-fgf8aS mRNA is approximately 1.3 times more 
abundant than eGFP-fgf8aM mRNA (Fig. III.2c). As both molecular species are not 
produced endogenously, we can assume that they both decay exponentially 
(equation 1).   
 
𝑁(𝑡) = 𝑁0𝑒
−𝑘𝑑𝑡         (1) 
 
Therefore, we can compute the ratio between the two quantities for a given time 
point (equation 2). 
 
𝑁𝑆
𝑁𝑀
=
𝑁𝑆0
𝑁𝑀0
𝑒(𝑘𝑀−𝑘𝑆)𝑡         (2) 
 
Considering equal initial quantities, we can determine the difference between 
degradation rate constants kM and kS through equation 3. 
 
(𝑘𝑀 − 𝑘𝑆) = ln (
𝑁𝑆
𝑁𝑀
) 𝑡⁄         (3) 
 
Applying equation 3 for t=24h we get (kM-kS)=0.01 h-1. 
The absolute rate constant values vary with the baseline degradation rate constant 
of one of the forms. Considering that most transcripts have half-lives of between 1 
and 30 hours (Milo and Phillips, 2016), in the fastest degradation scenario kS=0.68 
h-1 and kM=0.69 h-1 while for the more stable scenario kS=0.02 h-1 and kM=0.03 h-1. 
Additionally, we also observed that, 24 hours-post-injection, the ratio of protein 
produced by eGFP-fgf8aS vs eGFP-fgf8aM is approximately 3.4 (Fig. III.2b). To 
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explain this variation, we analysed a simple dynamical model of protein synthesis 
including mRNA degradation (but not synthesis, since mRNA was exogenous), 
protein synthesis and protein degradation (equation 4). 
 
𝑑𝑆
𝑑𝑡
= −𝑘𝑆𝑆  
𝑑𝑀
𝑑𝑡
= −𝑘𝑀𝑀  
𝑑𝑃𝑠
𝑑𝑡
= 𝑘𝑃𝑠𝑆 − 𝑘𝑃𝑃𝑠  
𝑑𝑃𝑚
𝑑𝑡
= 𝑘𝑃𝑚𝑀 − 𝑘𝑃𝑃𝑚        (4) 
 
S represents eGFP-fgf8aS while M is eGFP-fgf8aM, the two variant transcripts that 
code for the proteins Ps and Pm respectively. Although it is the same protein 
(eGFP), each variant is expressed in a different reporter system, so two different 
variables are modelled. Being the same protein, both Ps and Pm have the same 
degradation rate constant kP. eGFP in zebrafish has an approximate half-life of 24 
hours (Thomas et al., 2012), therefore we considered kP=0.03 h-1. 
We simulated the model until 24 hours and computed the ratios Ps/Pm and M/S.   
The initial M and S values were 1 (varying these initial values did not change the 
ratios). All other variables were absent in the beginning of the simulation. 
We started by considering kPm=1 h-1 and increased kPs until Ps/Pm was around 3.4, 
as observed experimentally. We could reproduce the 3.4 ratio with kPs=3.15 h-1. If 
we changed kPm and kPs maintaining their ratio (kPs/kPm=3.15), both Ps/Pm and M/S 
values were not affected. 
Similarly, we could change kS and kP constants, but, if their difference was kept at 
0.01 h-1, both Ps/Pm and M/S ratios were constant. 
Changing kP (protein degradation constant) has a slight effect on the ratio PS/PM. 
But even considering kP=0.7 h-1 (half-life of 1h) kPs/kPm would have to be 2.75 to 
reproduce the 3.4 ratio of Ps/Pm.  
 127 
 
In conclusion, although we are uncertain about absolute parameter values, having 
kM-kS=0.010 h-1 and kPs/kPm around 3 are sufficient conditions to support the 
experimental observations made with the reporter system. 
 
Model of endogenous fgf8a expression 
Quantification of endogenous expression of different transcript variants in the 
presence of fa3uiMO (Fig. III.4a,b) showed that this morpholino induces a global 
increase in total transcript (1.4 times increase at 8 ss and 2.7 times at 24 hpf) that 
is not proportionately distributed among the two main transcript variants. 
To enhance the understanding of this system, we developed a dynamical model of 
endogenous fgf8a expression, including the two main transcript variants and the 
capacity of Fgf signalling to, directly or indirectly, activate fgf8a transcription. This 
feedback element was necessary to allow the model to replicate the increase in total 
transcript observed in presence of the morpholino. 
The model is defined as a set of ordinary differential equations (equation 5). 
 
 
𝑑𝑇
𝑑𝑡
= 𝑘𝑡 + 𝑘𝑡𝑃𝐻(𝑃, 𝑃𝑇) − 𝑘𝑎𝑇 where  𝐻(𝑃, 𝑃𝑇) = {
0 𝑖𝑓 𝑃 ≤ 𝑃𝑇
1 𝑖𝑓 𝑃 > 𝑃𝑇
  
𝑑𝑆
𝑑𝑡
= 𝑘𝑎(1 − 𝑅)𝑇 − 𝑘𝑆𝑆  
𝑑𝑀
𝑑𝑡
= 𝑘𝑎𝑅𝑇 − 𝑘𝑀𝑀  
𝑑𝑃
𝑑𝑡
= 𝑘𝑃𝑠𝑆 + 𝑘𝑃𝑚𝑀 − 𝑘𝑃𝑃        (5) 
 
In this model, T is a common transcript precursor, S is fgf8aS, M is fgf8aM and P is 
Fgf8a. kt is a basal transcription rate constant, ktP is the transcription rate constant 
associated with the positive feedback, and PT is the Fgf8a concentration threshold 
above which this feedback is effective. ka is the polyadenylation rate constant, while 
R is the fraction of transcripts that originate the M transcript after polyadenylation. 
Considering the system evolves to a steady state we can deduce the relation 
between the ratio M/S, R and f=kM/kS (equation 6). 
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𝑀
𝑆
=
𝑅
(1−𝑅)𝑓
          (6) 
 
According to previous observations (Table III.S1), M/S should be between 4 and 5. 
According to our analysis of the reporter system, and allowing for large variations in 
mRNA stability, f can vary between 1.1 and 1.5. This implies that R should vary 
between 81 and 88%. 
When the morpholino is present, we assume that R changes to a lower value R’, 
giving rise to new steady state values of T’, M’, S’ and P’. As we know the observed 
values of M’/M and of (M’+S’)/(M+S), we can deduce the experimental values of 
M’/S’. Given our uncertainty in the M/S value (that can vary between 4 and 5), at 8 
ss M’/S’ is between 1.3 and 1.5, while at 24 hpf it is between 1.1 and 1.2. Using 
equation 6, we can predict that, at 8 ss, R’ is between 58 and 69%, while at 24 hpf 
it is between 54 and 64%. 
If there is no positive feedback (ktP=0) and if kM-kS=0.010 h-1, kPs/kPm= 3 and the 
previously estimated R and R’ were used, the model predicts a ratio P’/P between 
1.4 and 1.6, but the ratio (M’+S’)/(M+S) is never higher than 1.1. Since the increase 
in protein levels is significant (between 40 and 60%), the hypothesis that this extra 
protein can lead to a positive regulation of fgf8a expression (positive feedback 
element) could explain the experimentally observed increase of total transcript in 
the presence of the morpholino. 
Considering the positive feedback and simulating the model until it reached a steady 
state (keeping kM-kS=0.010 h-1, kPs/kPm= 3, R between 81-88% and R’ between 54-
69%), it was possible to vary the remaining parameters and still replicate the 
observed M/S, (M’+S’)/(M+S) and M’/M ratios. This was easily achieved by tuning 
the values of PT and kTP. ratios. Several successful parameter sets are presented in 
the Parameter Table below.  
In conclusion, this analysis demonstrates that our experimental observations are 
well described by a simple model where the sequence targeted by the morpholino 
is important for polyadenylation site selection and an overactivation of Fgf signalling 
can, directly or indirectly, positively regulate fgf8a expression. 
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Parameter Table – Sets of parameters that make the dynamical model compatible with the 
experimental observations. 
Parameters Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 
Experimental 
observations 
kT (h-1) 0.50 0.50 0.50 0.50 0.50 0.50 0.50  
kTP (h-1) 0.25 0.25 0.25 0.75 0.75 0.75 0.75 
PT (A.U.) 10 250 40 40 250 10 10 
ka (h-1) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
R (%) 85 85 85 85 85 85 85 
R’ (%) 63 63 59 59 59 59 63 
kM (h-1) 0.12 0.12 0.03 0.03 0.12 0.12 0.12 
kS (h-1) 0.11 0.11 0.02 0.02 0.11 0.11 0.11 
kPm (h-1) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
kPs (h-1) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 
kP (h-1) 0.70 0.03 0.70 0.70 0.03 0.70 0.70 
Ratios  8 ss 24 hpf 
M/S 5.19 5.19 3.78 3.78 5.19 5.19 5.19 4-5 
M’/S’ 1.56 1.56 0.96 0.96 1.32 1.32 1.56 1.3-1.5 1.1-1.2 
(M’+S’)/(M/S) 1.53 1.53 1.68 2.79 2.56 2.56 2.55 1.4 2.7 
M’/M 1.10 1.10 1.00 1.73 1.73 1.73 1.85 1.0 1.8 
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IV CHAPTER IV 
 
Discussion and Conclusions  
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The development of a living organism is critically reliant on a tight spatial and 
temporal regulation of gene expression. Among the mechanisms involved in this 
regulation, the ones that operate at the post-transcriptional level have been the 
focus of an increasing level of attention. However, their specific roles in 
embryogenesis, and their relative importance to the different processes that take 
place in the developing embryo, still require further investigation. 
For instance, the importance of RNA binding protein (RBP)-mediated post-
transcriptional regulation to embryonic development is particularly remarkable, and 
has been extensively studied, during Maternal to Zygotic Transition stages 
(Colegrove-Otero et al., 2005). However, less in known about the functional impact 
of RBP-mediated regulation on later developmental processes. Furthermore, 
alternative 3’UTR production through alternative polyadenylation (APA) is a 
remarkably prevalent phenomena during embryogenesis. However, the functional 
importance of individual APA events to embryogenesis has remained largely 
unaddressed (Sections I.2.1.2 and I.2.1.3). 
In this thesis we set out to investigate the impact of post-transcriptional regulation 
to zebrafish embryogenesis from two perspectives: the perspective of a post-
transcriptional regulator – the Quaking A (Qkia) RBP – and the perspective of a set 
of regulatory RNA sequences – the fibroblast growth factor 8a (fgf8a) alternative 
3’UTRs. 
In Chapter II, we uncovered evidence for two potential functions for the qkia gene 
during zebrafish embryonic development, namely in posterior body shaping and in 
the establishment of the lateral positions of the heart, liver and pancreas.  
Our results concerning the role of qkia in the establishment of the shape of the 
posterior body indicate that qkia operates at post-gastrulation stages, and may 
influence posterior body morphogenesis during the process of posterior body 
elongation, most likely through its expression in the paraxial mesoderm (Section 
II.2.1).  
Furthermore, our analysis of the role of qkia in internal organ laterality establishment 
revealed that qkia appears to operate in this process at the level of laterality signal 
134 
 
transmission from the Kupffer’s vesicle to the lateral plate mesoderm (Section 
II.2.2). These results therefore suggest that the functions of qkia in Left-Right 
patterning could also be mediated by its expression in the paraxial mesoderm, which 
is located between these two laterality-associated tissues (Thisse et al., 2001). 
Further studies are required to address the specificity of the observed posterior body 
shaping phenotype and to dissect the mechanisms that underlie these two potential 
qkia functions. In this context, the identification of potential targets of Qkia-mediated 
post-transcriptional regulation, with a known expression in the paraxial mesoderm, 
would constitute a logical next step. 
Furthermore, previous studies have shown that different STAR protein splicing 
isoforms can not only influence different facets of RNA metabolism, but can also 
exert opposite forms of gene expression regulation when interacting with the same 
target transcript (Section I.2.2.1.1). Therefore, an independent assessment of the 
specific functions mediated by the two Qkia splicing isoforms in these 
developmental processes would also be particularly relevant. 
In this study we identified a potential target of Qkia-mediated regulation, namely the 
adhesion molecule Cdh11, with our results indicating that Qkia could function as a 
negative regulator of Cdh11 expression (Section II.2.3). However, additional studies 
are required to determine if direct Qkia-cdh11 interactions take place in vivo, and to 
assess the resulting effects on endogenous Cdh11 expression and embryonic 
development. Furthermore, we observed that qkia overexpression is not sufficient 
to repress the expression of a reporter fused to the cdh11 3’UTR, thus raising the 
possibility that additional RBPs could be involved in this regulation, and 
consequently opening the door for future studies aimed at their identification. 
Our results also revealed a potential function for the Cdh11 protein in the 
establishment of internal organ laterality. In particular, we observed that cdh11 
morphants display defects in the lateral positioning of the cardiac and visceral 
organs, which are not phenocopied in cdh11 mutants (Section II.2.4). Future 
approaches can therefore focus on assessing the specificity of the cdh11 morphant 
phenotype, and determining if these phenotypic differences stem from the activation 
of a genetic compensation program in cdh11 mutants (Rossi et al., 2015).  
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A more thorough analysis is required to clarify the mechanisms through which qkia 
and cdh11 operate in Left-Right patterning. However, the results obtained thus far 
indicate that while qkia appears to function at the level of asymmetric signal 
transmission between the Kupffer’s vesicle and the lateral plate mesoderm, cdh11 
is more likely to operate at the level of asymmetric signal establishment in the 
Kupffer’s vesicle (Sections II.2.2 and II.2.4). Future dissection of these mechanisms 
can therefore, potentially further our understanding of these two facets of Left-Right 
patterning (Sections I.1.2.1 and I.1.2.3). 
Taken together, the results shown in this chapter are incremental to the current view 
of STAR protein family members as major regulators of a considerable diversity of 
developmental processes, particularly during the later stages of embryogenesis 
(Section I.2.2.1.2). Indeed, the observation that Qkia appears to be required for 
proper Left-Right patterning in the developing zebrafish embryo constitutes, to the 
extent of our knowledge, the first time that a STAR protein has been implicated in 
this process. Furthermore, this observation serves to further our current 
understanding of STAR protein functions in cardiac development and opens the 
door for future studies aimed at assessing its conservation. 
In Chapter III we focused our attention on the analysis of the alternative 3’UTRs of 
the fgf8a gene, with our results supporting a model in which fgf8a APA is part of a 
fine-tuning system that coordinates Fgf8a protein expression levels with cellular 
needs. In this context previous studies have reported that the most abundant fgf8a 
alternative 3’UTR – fgf8aM – is approximately 4 to 5 fold more abundant than the 
second most abundant alternative 3’UTR – fgf8aS – (Ulitsky et al., 2012, You et al., 
2015), with our results indicating that endogenous alternative polyadenylation signal 
(PAS) usage preferences appear to remain relatively stable across the tissues and 
developmental stages analysed (Section III.2.1). Furthermore, we demonstrate that 
despite its greater relative abundance, the fgf8aM 3’UTR is associated with a strong 
inhibition of translation, with a shift from fgf8aM to fgf8aS PAS usage exerting a 
significant impact on Fgf signalling levels (Sections III.2.1 and III.2.2).  
In addition, we determined that the source of the fgf8aM-associated post-
transcriptional repression resides in a 71nt sequence motif, termed minimal motif 
(MM) (Section III.2.1). This MM sequence includes a predicted binding site for dre-
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miR-2187, however, our results indicate that this predicted miR-MM interaction is 
unlikely to have a meaningful role in the regulation of fgf8a expression in vivo 
(Section III.2.2). Therefore, additional studies are required to identify the mechanism 
that underlies the post-transcriptional regulation associated with the fgf8aM 3’UTR. 
Using a morpholino oligo that targets the central region of the MM - fa3uiMO - we 
were able to induce a shift in the relative fgf8a alternative 3’UTR abundances, 
favouring the fgf8aS 3’UTR. This increased production of the fgf8aS 3’UTR was 
accompanied by an unexpected increase in total fgf8a transcript levels. To address 
the nature of this increase and to gain a better understanding of the fa3uiMO-
mediated interference with fgf8a PAS selection, we resorted to mathematical 
modelling (Section III.2.2). Our modelling approach demonstrates that our 
experimental observations are well described by a model where the sequence 
targeted by the fa3uiMO plays a role in PAS selection, and an overactivation of Fgf 
signalling can stimulate fgf8a transcription through a direct or indirect feedback-
based mechanism (Section III.2.2). This proposed positive feedback mechanism is 
also consistent with a model in which fgf8a APA functions as part of a system of 
Fgf8a protein expression fine-tuning. Future approaches should therefore focus on 
dissecting the mechanisms that control fgf8a alternative PAS usage and addressing 
the presence of this proposed feedback.  
Furthermore, our study showed that this shift in the fgf8a PAS usage preferences 
brought about a spatially and temporally specific impact on embryonic development, 
namely in late anterior sensory system development (Section III.2.3). These 
observations likely reflect the complex mechanisms and inter-pathway crosstalk 
events involved in the different functions of Fgf8a during development (Section 
I.1.3), and consequently may partially derive from tissue-specific differences in the 
mechanisms that underlie the previously proposed feedback. Taken together, these 
findings indicate that, within the wide range of developmental processes that are 
under the influence of Fgf8a (Section I.1.3), only a specific subset appears to rely 
critically on the APA-mediated fine-tuning of fgf8a expression. Therefore, our results 
contribute to the current understanding of the functional importance of gene-specific 
APA events in the progression of embryonic development.  
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In addition, our investigation of the APA of fgf8a led to the identification of a 
previously undescribed role for the Fgf signalling pathway in the early stages of 
zebrafish ocular vascularization. Our results are indicative of a requirement for Fgf 
signalling in the initial stages of superficial retinal vascularization, with this pathway 
appearing to contribute to the structural integrity of this vascular system and to the 
timely induction of superficial vessel formation (Section III.2.3). Future work can 
focus on a more in-depth characterization of this Fgf signalling function. This 
characterization can include a more detailed analysis of the vessel morphology 
defects observed, the identification of the downstream mechanisms involved in this 
function, and the assessment of the precise temporal requirements for Fgf signalling 
in this process. 
Interestingly, our results also indicate that the Fgf8a ligand has a non-essential role 
in this Fgf pathway function, with other Fgf ligands being likely involved (Section 
III.2.3). Future studies could therefore focus on the identification of additional Fgf 
ligands with a potential role in superficial ocular vascularization, and on the 
assessment of their specific contributions to this process. Furthermore, since 
previous studies have implicated the VEGF and HH signalling pathways in the early 
stages of superficial retinal vascularization (Weiss et al., 2017), it would be 
interesting to determine if inter-pathway cross-talk mechanisms are present 
between the Fgf, VEGF and HH pathways in this developmental context. 
The work described in this chapter constitutes, to the extent of our knowledge, the 
first study to address the functional impact of modulating the 3’UTR APA of a major 
regulator of vertebrate embryogenesis. By interfering with the endogenous fgf8a 
PAS usage preferences we brought about a spatially and temporally specific impact 
on embryonic development, with this approach also leading to the identification of a 
previously undescribed role for Fgf signalling in the early stages of zebrafish ocular 
vascularization. 
In conclusion, our investigation of these two facets of the post-transcriptional 
regulation program that operates during zebrafish embryogenesis generated 
insights into: 
- The range of developmental processes that involve STAR protein family 
members. 
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- The developmental impact of the APA-mediated regulation of Fgf8a 
expression. 
These findings highlight the importance of addressing post-transcriptional regulation 
mechanisms, and their specific roles in embryogenesis, to fully understand gene 
and pathway functions in development. 
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Supplemental Data 
 
 
Table S1 – Reported alt3’UTRs for the fgf8a gene. Also shown are the relative 
abundances of each alt3’UTR reported in the indicated studies. 
 
Alternative 
3’UTRs 
3’UTR length 
(nts) 
Relative polyadenylation 
site usage (%) (a) 
Relative polyadenylation 
site usage (%) (b) 
altUTR-1 654 - 1.6 
altUTR-2 680 14.2 0.9 
altUTR-3 (fgf8aS) 728 12.5 18.7 
altUTR-4 (fgf8aM) 797 65.9 74.3 
altUTR-5 1242 - 3.7 
altUTR-6 1667 5.4 0.8 
altUTR-7 1829 2.0 - 
 
(a) Pooled data obtained for the following developmental stages: 0hpf; 4hpf; 6hpf; 12hpf; 24hpf; 
48hpf; 72hpf; 120hpf. Adapted from L. You, J. Wu, Y. Feng, Y. Fu, Y. Guo, L. Long, H. Zhang, Y. 
Luan, P. Tian, L. Chen, G. Huang, S. Huang, Y. Li, J. Li, C. Chen, Y. Zhang, S. Chen and A. Xu, 
APASdb: a database describing alternative poly(A) sites and selection of heterogeneous cleavage 
sites downstream of poly(A) signals, Nucleic Acids Res. 43, 2015, D59–D67. 
 
(b) Pooled data obtained for the following samples: Embryos:1.5–2hpf; 4.5–5.5hpf; 24hpf; 72 hpf; 
Mixed gender adults; Adult tissues: brain, testes, and ovaries. Adapted from I. Ulitsky, A. 
Shkumatava, C.H. Jan, A.O. Subtelny, D. Koppstein, G.W. Bell, H. Sive and D.P. Bartel, Extensive 
alternative polyadenylation during zebrafish development, Genome Res. 22, 2012, 2054–2066. 
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Fig. S1 – Wildtype fgf8a expression pattern and illustration of microdissection 
procedures. 
(a) Representative images of the wildtype expression pattern of the zebrafish fgf8a gene at 
the 8 somite stage (8 ss) and at 24 h post fertilization (hpf). Images obtained following Whole 
Mount In Situ Hybridization (WISH) for the coding sequence of fgf8a. T, telencephalon; Rhs, 
rhombomeres 2 and 4; MHB, midbrain-hindbrain boundary; PSM, presomitic mesoderm; 
oc, otic capsule; os, optic stalks; di, diencephalon; ff, dorsal and caudal fin fold. (b) 
Illustration of the microdissection procedures performed on 8 ss and 24 hpf zebrafish 
embryos. s10, position of the 10th somite.  
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Fig. S2 – Alternative fgf8a 3’UTR usage in the developing embryo.  
(a) Schematic representation of the alt3’UTRs previously reported for fgf8a. Primers used 
for RT-qPCR (pUTRs, pCDS). The alt3’UTRs amplified by each primer pair are indicated 
by the dashed lines. The pCDS1 and pCDS2 primer pairs both recognize the fgf8a coding 
sequence, with pCDS1 targeting the exon4-exon5 junction. The pUTRs2-7 primer pair 
recognizes all fgf8a transcripts, except those with the altUTR-1. The pUTRs3-7 primer pair 
recognizes transcripts with the fgf8aS UTR, the fgf8aM UTR and the longer alt3’UTRs-5 to 
7. The pUTRs4-7 primer pair recognizes transcripts with the fgf8aM UTR and the longer 
alt3’UTRs-5 to 7. The pUTRs5-7 primer pair only recognizes transcripts with the longer 
alt3’UTRs-5 to 7.  (b-d) Relative RT-qPCR quantification of the endogenous levels of fgf8a 
transcript and indicated alt3’UTRs (b) in 8 ss whole embryos and microdissected tissue 
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(Fig. S2 cont.) samples, (c) in 24 hpf whole embryos and microdissected tissue samples, 
(d) in 24 hpf and 8 ss whole embryos. (b-d) All the results shown are relative to the indicated 
control conditions, namely, (b,c) the whole embryo condition, (d) the 24 hpf condition. (b-
d) Data show mean ± SEM. Statistical analysis was done using two-tailed t-test, and all 
comparisons were deemed not statistically significant (p>0.05). For an illustration of the 
microdissection procedures performed see Fig. S1b.  
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Fig. S3 - fa3uiMO morphants display a differential increase in fgf8a transcript levels at 
24 hpf in anterior and posterior tissues. 
RT-qPCR quantification of the endogenous relative fgf8a transcript levels in microdissected 
anterior and posterior tissues of 24 hpf CtrMO and fa3uiMO injected embryos. For an 
Illustration of the microdissection procedures performed see Fig. S1b. Statistical analysis 
was done using two-tailed t-test and 2-way ANOVA. Data show mean ± SEM (*p<0.05; 
**p<0.01).   
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Analysis of the reporter system 
24 hours-post-injection eGFP-fgf8aS mRNA is approximately 1.3 times more abundant than 
eGFP-fgf8aM mRNA (Fig. 1c). As both molecular species are not produced endogenously, 
we can assume that they both decay exponentially (equation 1).   
 
𝑁(𝑡) = 𝑁0𝑒
−𝑘𝑑𝑡         (1) 
 
Therefore, we can compute the ratio between the two quantities for a given time point 
(equation 2). 
 
𝑁𝑆
𝑁𝑀
=
𝑁𝑆0
𝑁𝑀0
𝑒(𝑘𝑀−𝑘𝑆)𝑡         (2) 
 
Considering equal initial quantities, we can determine the difference between degradation 
rate constants kM and kS through equation 3. 
 
(𝑘𝑀 − 𝑘𝑆) = ln (
𝑁𝑆
𝑁𝑀
) 𝑡⁄          (3) 
 
Applying equation 3 for t=24h we get (kM-kS)=0.01 h-1. 
The absolute rate constant values vary with the baseline degradation rate constant of one 
of the forms. Considering that most transcripts have half-lives of between 1 and 30 hours 
[1], in the fastest degradation scenario kS=0.68 h-1 and kM=0.69 h-1 while for the more stable 
scenario kS=0.02 h-1 and kM=0.03 h-1. 
Additionally, we also observed that, 24 hours-post-injection, the ratio of protein produced 
by eGFP-fgf8aS vs eGFP-fgf8aM is approximately 3.4 (Fig. 1b). To explain this variation, 
we analysed a simple dynamical model of protein synthesis including mRNA degradation 
(but not synthesis, since mRNA was exogenous), protein synthesis and protein degradation 
(equation 4). 
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𝑑𝑆
𝑑𝑡
= −𝑘𝑆𝑆  
𝑑𝑀
𝑑𝑡
= −𝑘𝑀𝑀  
𝑑𝑃𝑠
𝑑𝑡
= 𝑘𝑃𝑠𝑆 − 𝑘𝑃𝑃𝑠  
𝑑𝑃𝑚
𝑑𝑡
= 𝑘𝑃𝑚𝑀 − 𝑘𝑃𝑃𝑚         (4) 
 
S represents eGFP-fgf8aS while M is eGFP-fgf8aM, the two variant transcripts that code 
for the proteins Ps and Pm respectively. Although it is the same protein (eGFP), each variant 
is expressed in a different reporter system, so two different variables are modelled. Being 
the same protein, both Ps and Pm have the same degradation rate constant kP. eGFP in 
zebrafish has an approximate half-life of 24 hours [2], therefore we considered kP=0.03 h-1. 
We simulated the model until 24 hours and computed the ratios Ps/Pm and M/S.   
The initial M and S values were 1 (varying these initial values did not change the ratios). All 
other variables were absent in the beginning of the simulation. 
We started by considering kPm=1 h-1 and increased kPs until Ps/Pm was around 3.4, as 
observed experimentally. We could reproduce the 3.4 ratio with kPs=3.15 h-1. If we changed 
kPm and kPs maintaining their ratio (kPs/kPm=3.15), both Ps/Pm and M/S values were not 
affected. 
Similarly, we could change kS and kP constants, but, if their difference was kept at 0.01 h-1, 
both Ps/Pm and M/S ratios were constant. 
Changing kP (protein degradation constant) has a slight effect on the ratio PS/PM. But even 
considering kP=0.7 h-1 (half-life of 1h) kPs/kPm would have to be 2.75 to reproduce the 3.4 
ratio of Ps/Pm.  
In conclusion, although we are uncertain about absolute parameter values, having kM-
kS=0.010 h-1 and kPs/kPm around 3 are sufficient conditions to support the experimental 
observations made with the reporter system. 
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Model of endogenous fgf8a expression 
Quantification of endogenous expression of different transcript variants in the presence of 
fa3uiMO (Fig. 3a,b) showed that this morpholino induces a global increase in total transcript 
(1.4 times increase at 8 ss and 2.7 times at 24 hpf) that is not proportionately distributed 
among the two main transcript variants. 
To enhance the understanding of this system, we developed a dynamical model of 
endogenous fgf8a expression, including the two main transcript variants and the capacity 
of Fgf signalling to, directly or indirectly, activate fgf8a transcription. This feedback element 
was necessary to allow the model to replicate the increase in total transcript observed in 
presence of the morpholino. 
The model is defined as a set of ordinary differential equations (equation 5). 
 
 
𝑑𝑇
𝑑𝑡
= 𝑘𝑡 + 𝑘𝑡𝑃𝐻(𝑃, 𝑃𝑇) − 𝑘𝑎𝑇 where  𝐻(𝑃, 𝑃𝑇) = {
0 𝑖𝑓 𝑃 ≤ 𝑃𝑇
1 𝑖𝑓 𝑃 > 𝑃𝑇
  
𝑑𝑆
𝑑𝑡
= 𝑘𝑎(1 − 𝑅)𝑇 − 𝑘𝑆𝑆  
𝑑𝑀
𝑑𝑡
= 𝑘𝑎𝑅𝑇 − 𝑘𝑀𝑀  
𝑑𝑃
𝑑𝑡
= 𝑘𝑃𝑠𝑆 + 𝑘𝑃𝑚𝑀 − 𝑘𝑃𝑃        (5) 
 
In this model, T is a common transcript precursor, S is fgf8aS, M is fgf8aM and P is Fgf8a. 
kt is a basal transcription rate constant, ktP is the transcription rate constant associated with 
the positive feedback, and PT is the Fgf8a concentration threshold above which this 
feedback is effective. ka is the polyadenylation rate constant, while R is the fraction of 
transcripts that originate the M transcript after polyadenylation. Considering the system 
evolves to a steady state we can deduce the relation between the ratio M/S, R and f=kM/kS 
(equation 6). 
 
𝑀
𝑆
=
𝑅
(1−𝑅)𝑓
          (6) 
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According to previous observations (Table S1), M/S should be between 4 and 5. According 
to our analysis of the reporter system, and allowing for large variations in mRNA stability, f 
can vary between 1.1 and 1.5. This implies that R should vary between 81 and 88%. 
When the morpholino is present, we assume that R changes to a lower value R’, giving rise 
to new steady state values of T’, M’, S’ and P’. As we know the observed values of M’/M 
and of (M’+S’)/(M+S), we can deduce the experimental values of M’/S’. Given our 
uncertainty in the M/S value (that can vary between 4 and 5), at 8 ss M’/S’ is between 1.3 
and 1.5, while at 24 hpf it is between 1.1 and 1.2. Using equation 6, we can predict that, at 
8 ss, R’ is between 58 and 69%, while at 24 hpf it is between 54 and 64%. 
If there is no positive feedback (ktP=0) and if kM-kS=0.010 h-1, kPs/kPm= 3 and the previously 
estimated R and R’ were used, the model predicts a ratio P’/P between 1.4 and 1.6, but the 
ratio (M’+S’)/(M+S) is never higher than 1.1. Since the increase in protein levels is significant 
(between 40 and 60%), the hypothesis that this extra protein can lead to a positive 
regulation of fgf8a expression (positive feedback element) could explain the experimentally 
observed increase of total transcript in the presence of the morpholino. 
Considering the positive feedback and simulating the model until it reached a steady state 
(keeping kM-kS=0.010 h-1, kPs/kPm= 3, R between 81-88% and R’ between 54-69%), it was 
possible to vary the remaining parameters and still replicate the observed M/S, 
(M’+S’)/(M+S) and M’/M ratios. This was easily achieved by tuning the values of PT and kTP. 
ratios. Several successful parameter sets are presented in the Parameter Table below.  
In conclusion, this analysis demonstrates that our experimental observations are well 
described by a simple model where the sequence targeted by the morpholino is important 
for polyadenylation site selection and an overactivation of Fgf signalling can, directly or 
indirectly, positively regulate fgf8a expression. 
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Parameter Table – Sets of parameters that make the dynamical model compatible with the 
experimental observations. 
Parameters Set 
1 
Set 
2 
Set 
3 
Set 
4 
Set 
5 
Set 
6 
Set 
7 
Experimental 
observations 
kT (h-1) 0.50 0.50 0.50 0.50 0.50 0.50 0.50  
kTP (h-1) 0.25 0.25 0.25 0.75 0.75 0.75 0.75 
PT (A.U.) 10 250 40 40 250 10 10 
ka (h-1) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
R (%) 85 85 85 85 85 85 85 
R’ (%) 63 63 59 59 59 59 63 
kM (h-1) 0.12 0.12 0.03 0.03 0.12 0.12 0.12 
kS (h-1) 0.11 0.11 0.02 0.02 0.11 0.11 0.11 
kPm (h-1) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
kPs (h-1) 3.00 3.00 3.00 3.00 3.00 3.00 3.00 
kP (h-1) 0.70 0.03 0.70 0.70 0.03 0.70 0.70 
Ratios  8 ss 24 hpf 
M/S 5.19 5.19 3.78 3.78 5.19 5.19 5.19 4-5 
M’/S’ 1.56 1.56 0.96 0.96 1.32 1.32 1.56 1.3-1.5 1.1-1.2 
(M’+S’)/(M/S) 1.53 1.53 1.68 2.79 2.56 2.56 2.55 1.4 2.7 
M’/M 1.10 1.10 1.00 1.73 1.73 1.73 1.85 1.0 1.8 
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Supplemental Methods 
 
CRISP/Cas9 and TALEN mutagenesis 
 
We designed two CRISPR guide RNAs and one TALEN pair against the fgf8aM PAS. An 
additional TALEN pair was produced against the fgf8aS PAS, and lastly, two TALEN pairs 
were designed against the fgf8aS and fgf8aM polyadenylation sites which flank the MM 
sequence. The last two TALEN pairs were used in conjunction with the aim of excising the 
full MM sequence. 
CRISPR guide RNA design was done as described in [4] and pCS2nCas9n was a gift from 
Wenbiao Chen (Addgene plasmid # 47929) [5]. Guide RNA and Cas9 mRNA production 
was done as described in [6]. 
TALEN design was done using the TAL Effector Nucleotide Targeter 2.0 and Paired Target 
Finder web tools as described in [7]. TALEN construct assembly and TALEN mRNA 
production was done using the golden gate approach described in [8, 9]. 
Microinjection procedures were done at the 1-cell stage using wildtype zebrafish embryos 
and an injection volume of 1.4nL/embryo. Each guide RNA was co-injected with Cas9 
mRNA, and for each TALEN pair a 1:1 molar ratio of each TALEN mRNA in the pair was 
used. Several RNA concentrations were tested for each mutagenesis strategy. 
Mutagenesis efficiencies were assessed following genomic DNA extraction and PCR 
amplification of the relevant genomic region. The presence of mutations was evaluated 
using the T7 Endonuclease I method [10] and by sanger sequencing (Stabvida). All the 
mutagenesis strategies carried out in this study were inefficient. 
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